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Preface

The world population has increased four-fold during the 20th century from about 1.5 billion
to 6.1 billion. At present, the population is consistently increasing in developing countries,
and the world population in 2050 is estimated to be 9.0 billion. Therefore, sufficient supply
of food to support an increasing population is essential at the global scale. Due to a large
impact of human activity, ecosystems on the earth have been changed such as global worm‐
ing, water pollution, decrease of the natural forest, etc.

Nitrogen is a major essential element for all organisms, and a constituent of proteins, nucleic
acids, and other indispensable organic compounds. However, the concentrations of nitrogen
in soil, crust rocks and sea water are relatively low, and the availability of N is often a limit‐
ing factor for plant growth in natural habitats as well as agricultural crop production. Al‐
though nitrogen gas is abundant in the air, approximately 78%, the N2 molecule is highly
inert and can be reduced only by some nitrogen fixing microorganisms. Nitrogen fixation is
a process by which atmospheric N2 is converted into ammonia or nitrate, which can be used
for nutrition of microbes and plants. The limited availability of combined nitrogen in the
environment during the early stage of evolution on the earth might stimulate the acquisition
of biological nitrogen fixation activity in some prokaryotes. At present, there is a wide varie‐
ty of nitrogen fixing prokaryotes, which are called diazotrophs, such as cyanobacteria (blue
green algae), green sulfur bacteria, Azotobacteraceae, rhizobia, and frankia. No eukaryotes,
such as plants, animals and fungi, are found to have nitrogen fixation activity, however,
some of them gain fixed nitrogen in association with diazotrophs.

Biological nitrogen fixation has important role in N cycle in both global ecosystem and agro-
ecosystem. About 175 million metric tons of nitrogen per year are estimated to be fixed in
global ecosystems, of which 90 million metric tones in agricultural land, 50 million metric
tones in forest and non-agricultural land, and 35 million metric tones in sea.

In the early 20th century, the industrial nitrogen fixation succeeded to produce ammonia by
Harber process under high pressure and high temperature conditions with specific catalyst.
The industrial nitrogen fixation provides unlimited nitrogen fertilizer, and has promoted the
crop yield several times during the 20th century. The annual production of nitrogen fertilizer
has amounted to about 100 million metric tones and keeps increasing. However, the produc‐
tion of ammonia by industrial nitrogen fixation requires much energy, and is dependent on
the consumption of fossil fuels. In addition, the excess or inappropriate use of chemical ni‐
trogen fertilizer caused environmental problems such as nitrate accumulation in ground wa‐
ter, eutrophication of lakes, rivers and oceans, as well as emissions of global warming gases,
and dinitrogen oxide (N2O). Although the use of chemical N fertilizer is essential to support



crop production, we still need to make a good use of biological nitrogen fixation for crop
production and sustain the natural environment.

Several types of nitrogen fixing bacteria are recognized. The first type is “free-living” (non-
symbiotic) bacteria, including the cyanobacteria (or blue-green algae) Anabaena and Nostoc
and such genera as Azotobacter, Beijerinckia, and Clostridium living in soil or water. The sec‐
ond is “symbiotic bacteria”, such as Rhizobium , associated with leguminous plants, and
frankia or cyanobacteria with non-legume plants. The third type resides around the plant
roots (rhizosphere) and provides fixed nitrogen to the plant. It is called “associative nitrogen
fixation”. The fourth is “endophytic nitrogen fixation”, associated with cereal grasses such
as sugarcane.

In this book there are 11 chapters related to sections: 1) Biological Nitrogen Fixation: “Nitro‐
gen Fixation Outside and Inside Plant Tissues”, “Nitrogen fixing Cyanobacteria: Future
Prospect”, and “Nitrogen Fixation in Sugarcane“; 2) Regulation of Legume-rhizobium Sym‐
biosis: “Autoregulation of Nodulation in Soybean Plants”, “Systemic Regulation of Root
Nodule Formation”, and “Effects of Phytohormones on Nodulation and Nitrogen Fixation
in Leguminous Plants”; 3) Agriculture and Ecology of Symbiotic Nitrogen Fixation: “Impact
of Harsh Environmental Conditions on Nodule Formation and Dinitrogen Fixation of Le‐
gumes“, “Comparison of Soybean-Nodulating Bradyrhizobia Community Structures Along
North Latitude Between Japan and USA“, ”Effects of Rhizobium Inoculation on Nitrogen
Fixation and Growth of Leguminous Green Manure Crop Hairy Vetch (Vicia villosa Roth)“,
“Role of Boron Nutrient in Nodules Growth and Nitrogen Fixation in Soybean Genotypes
Under Water Stress Conditions”, and “Symbiotic of Nitrogen Fixation Between Acid Alumi‐
nium Tolerant Bradyrhizobium japonicum and Soybean“.

I would like to acknowledge all the authors for their outstanding efforts to write the chap‐
ters with interesting new topics. Nitrogen fixation is a very important process to increase
crop yield as well as reservation of natural ecosystems. I hope this book will contribute to
biological, ecological, and agricultural sciences.

Takuji Ohyama
Professor of Department of Applied Biological Chemistry,

Faculty of Agriculture, Niigata University,
Niigata, Japan
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Chapter 1

Nitrogen Fixation Outside and Inside Plant Tissues

C.P. Chanway, R. Anand and H. Yang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57532

1. Introduction

Nitrogen is one of the most important elements in biological systems, comprising the main
building blocks of nucleic acids, enzymes and proteins among its multiple functions. In nature,
it exists primarily in the gaseous form and constitutes approximately 78% of the atmosphere.
Despite its abundance, nitrogen (N) is one of the most growth-limiting nutrients in terrestrial
and aquatic ecosystems (Dalton & Krammer, 2006) because its gaseous form is inert and
unusable by most living organisms except for nitrogen fixing microorgansisms. For it to
become biologically available, atmospheric nitrogen must be transformed or “fixed” from its
inert gaseous form (N2) to ammonia (NH3), which can then be assimilated into a variety of
important biochemicals. This transformation, which requires a large amount of energy to break
apart the triple-bonded N atoms that comprise gaseous N2, is called ‘nitrogen fixation’ (NF).
Nitrogen is fixed naturally through energy-releasing abiotic processes such as lightening,
forest fires and volcanic activity. These processes produce oxides of N in the atmosphere that
subsequently dissolve in rain and descend to the ground as NH3 molecules. Approximately
12% of annual global NF is fixed in this way (Bezdicek & Kennedy, 1998). Fertilizer production
using high temperatures and pressures in the Haber-Bosch process occurs widely and accounts
for approximately 20% of annual global NF (Bezdicek & Kennedy, 1998). However, the process
is fossil-fuel intensive and consumes 3-5% of the world’s natural gas annually (Myrold &
Bottomley, 2007). Alternatively, NF occurs through the normal metabolic activity of many
prokaryotic microorganisms, known as diazotrophs, through a process commonly referred to
as biological nitrogen fixation (BNF). This essentially “free” process is responsible for the
addition of almost all biologically available N that enters terrestrial ecosystems, some 140
million metric tons per year (Bezdicek & Kennedy, 1998; Galloway et al., 2008). Biological
nitrogen fixation is an ATP-demanding process that is catalyzed by the enzyme complex
known as nitrogenase, which is found in many members of the Bacteria and Archaea (Galloway

© 2014 Chanway et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



et al., 2008). Terrestrial BNF occurs primarily in the soil, by either free-living diazotrophs or
those associated to varying degrees with plants (see below).

2. Free-living bacteria

Free-living  diazotrophic  bacteria  are  those  that  do  not  associate  with  plants  (cf.  rhizo‐
sphere bacteria below) and are found in soils that are free from the direct influence of plant
roots. These microorganisms are ubiquitous in terrestrial and aquatic environments and are
physiologically very diverse (Reed et al., 2011). Since most soils are C and N limited, the
amount of N2 they fix in soil  is  restricted by access to energy sources,  i.e.,  substrates to
generate adenosine triphosphate (ATP) and micronutrients required for the synthesis and
functioning of nitrogenase (Reed et al., 2011). BNF by free-living diazotrophs is also limited
by the severe oxygen sensitivity of nitrogenase (Postgate, 1998), which is a problem that
has  been  at  least  partially  overcome  in  different  ways  by  diazotrophs  participating  in
nitrogen-fixing symbioses (see below). Antagonistic microbial interactions such as parasit‐
ism and competition for nutrients (Cacciari et al.,1986; Bashan & Holguin, 1997; Bashan et
al.,  2004) further reduce the amount of N2 they fix.  While the general belief is that free-
living diazotrophs do not contribute large quantities of fixed N to most terrestrial ecosys‐
tems, perhaps 3-5 kg/ha/yr (Postgate, 1998; Newton, 2007), their cumulative N contributions
are thought to be important in some tropical and temperate forest ecosystems (Cleveland
et al., 1999; Gehring et al., 2005; Reed et al., 2007; 2008).

3. Rhizosphere bacteria

The rhizosphere is defined as soil that surrounds plant roots and is under their direct metabolic
influence (Curl & Truelove, 1987). Proximity to plant roots is important for soil organisms as
actively growing plant roots deposit approximately 20% of annual photosynthate in the
rhizosphere (Nguyen, 2003), but depending on the type of plant and its growth stage, more
than 50% of newly-fixed carbon may be deposited in the rhizosphere at any given time. The
soluble carbon compounds that plants deposit through their root systems are known as root
exudates. These comprise a wide range of carbon compounds (amino acids, peptides, proteins,
enzymes, “growth factors”, vitamins and phytohormones) (Grayston et al., 1997; Jones et al.,
2004; Shi et al., 2012) and are released continuously during the growing season through a
process known as root exudation (Jones et al., 2004). This process has been shown to signifi‐
cantly stimulate growth and population sizes of most soil microorganisms, but effects are
particularly noticeable in soil bacteria and fungi. The degree of stimulation is significant: in
comparison with bulk soil not under the influence of plant roots, the rhizosphere typically
supports 5-100 x larger bacterial and fungal populations than non-rhizosphere or “bulk” soil
(Warembourg, 1997; Dobelaere et al., 2003). Due to their ability to fix N2, diazotrophs can have
a competitive advantage over non-N2 fixing bacteria in the rhizosphere and prevail in it

Advances in Biology and Ecology of Nitrogen Fixation4



et al., 2008). Terrestrial BNF occurs primarily in the soil, by either free-living diazotrophs or
those associated to varying degrees with plants (see below).

2. Free-living bacteria

Free-living  diazotrophic  bacteria  are  those  that  do  not  associate  with  plants  (cf.  rhizo‐
sphere bacteria below) and are found in soils that are free from the direct influence of plant
roots. These microorganisms are ubiquitous in terrestrial and aquatic environments and are
physiologically very diverse (Reed et al., 2011). Since most soils are C and N limited, the
amount of N2 they fix in soil  is  restricted by access to energy sources,  i.e.,  substrates to
generate adenosine triphosphate (ATP) and micronutrients required for the synthesis and
functioning of nitrogenase (Reed et al., 2011). BNF by free-living diazotrophs is also limited
by the severe oxygen sensitivity of nitrogenase (Postgate, 1998), which is a problem that
has  been  at  least  partially  overcome  in  different  ways  by  diazotrophs  participating  in
nitrogen-fixing symbioses (see below). Antagonistic microbial interactions such as parasit‐
ism and competition for nutrients (Cacciari et al.,1986; Bashan & Holguin, 1997; Bashan et
al.,  2004) further reduce the amount of N2 they fix.  While the general belief is that free-
living diazotrophs do not contribute large quantities of fixed N to most terrestrial ecosys‐
tems, perhaps 3-5 kg/ha/yr (Postgate, 1998; Newton, 2007), their cumulative N contributions
are thought to be important in some tropical and temperate forest ecosystems (Cleveland
et al., 1999; Gehring et al., 2005; Reed et al., 2007; 2008).

3. Rhizosphere bacteria

The rhizosphere is defined as soil that surrounds plant roots and is under their direct metabolic
influence (Curl & Truelove, 1987). Proximity to plant roots is important for soil organisms as
actively growing plant roots deposit approximately 20% of annual photosynthate in the
rhizosphere (Nguyen, 2003), but depending on the type of plant and its growth stage, more
than 50% of newly-fixed carbon may be deposited in the rhizosphere at any given time. The
soluble carbon compounds that plants deposit through their root systems are known as root
exudates. These comprise a wide range of carbon compounds (amino acids, peptides, proteins,
enzymes, “growth factors”, vitamins and phytohormones) (Grayston et al., 1997; Jones et al.,
2004; Shi et al., 2012) and are released continuously during the growing season through a
process known as root exudation (Jones et al., 2004). This process has been shown to signifi‐
cantly stimulate growth and population sizes of most soil microorganisms, but effects are
particularly noticeable in soil bacteria and fungi. The degree of stimulation is significant: in
comparison with bulk soil not under the influence of plant roots, the rhizosphere typically
supports 5-100 x larger bacterial and fungal populations than non-rhizosphere or “bulk” soil
(Warembourg, 1997; Dobelaere et al., 2003). Due to their ability to fix N2, diazotrophs can have
a competitive advantage over non-N2 fixing bacteria in the rhizosphere and prevail in it

Advances in Biology and Ecology of Nitrogen Fixation4

particularly when soil N is limited (Döbereiner & Pedrosa, 1987). In addition to stimulating
their own growth, rhizosphere diazotrophs representing several genera (e.g., Acetobacter,
Azoarcus, Azospirillum, Azotobacter, Beijerinckia, Burkholderia, Enterobacter, Herbaspirillum,
Klebsiella, Paenibacillus and Pseudomonas) have been shown to enhance the growth of the plants
that generate a suitable rhizosphere. These include agriculturally-important species such as
rice, wheat, barley, potato and several vegetable crops (Dobelaere et al., 2003). While it is logical
to assume diazotrophic rhizosphere bacteria enhance plant growth through BNF, these
microorganisms are often capable of producing plant growth-enhancing phytohormones and
pathogen-suppressing antibiotics (Chanway, 2002). Many are also able to enhance the
availability of N, P and S in the rhizosphere enzymatically, rendering it difficult to conclude
with certainty the mechanism by which plant growth is stimulated.

4. Phyllosphere

The leaf surface, or phyllosphere is another microsite known to be colonized by a wide range
of microorganisms, including diazotrophic bacteria (Lindow & Brandl, 2003). While compa‐
ratively little work has been done on phyllosphere-colonizing diazotrophs, it is likely that their
contribution to plant N nutrition is modest, owing to the energy constraints and problems
associated with oxygen toxicity of nitrogenase such N2 fixing microorganisms would experi‐
ence. Nevertheless, phyllosphere-colonizing diazotrophs should be evaluated further for
possible contributions to plant nutrition.

5. Cyanobacterial associations

Cyanobacteria are prokaryotes belonging to the domain Bacteria that are capable of fixing
carbon, through oxygenic photosynthesis, as well as nitrogen through BNF. As a result,
cyanobacteria are nutritionally independent to a large degree (Meeks, 1988) and occupy
diverse habitats, ranging from freshwater and oceanic ecosystems, temperate soils to extreme
environments such as hot springs and deserts (Herrero et al., 2001). To counter the adverse
effects of oxygen evolution from photosynthesis on BNF, diazotrophic cyanobacteria have
developed strategies such as temporal separation of oxygenic photosynthesis and micro-oxic
NF (Cerveny et al., 2013) and formation of thick-walled, non-photosynthetic heterocysts with
microaerobic interiors that are conducive for NF (Wolk et al., 1994).

Many diazotrophic cyanobacterial species enter into symbioses with eukaryotes including
phytoplankton, fungi and terrestrial plants. Cyanobacterial symbionts (cyanobionts) in these
associations may contribute a significant portion of N required for growth of both organ‐
isms through BNF in N-limited aquatic and terrestrial environments (Schell & Alexander,
1973; Hobara et al., 2006). In the ocean, they are frequently found in association with diatoms
(Ferrario et al., 1995) and brown algae (Carpenter, 1972), while in fresh water, the cyano‐
biont Anabaena azollae forms a symbiotic association with water ferns belonging to the genus

Nitrogen Fixation Outside and Inside Plant Tissues
http://dx.doi.org/10.5772/57532
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Azolla (Talley et al., 1977). The Azolla-Anabaena symbiosis often occurs in rice culture, where
it results in enhanced rice performance due to a N fertilizer effect from BNF (Yanni, 1992).
Diazotrophic cyanobacteria have also been found in the coralloid roots of cycads (Gehring‐
er  et  al.,  2010),  auricles  of  liverworts  (Adams & Duggan,  2008),  slime cavities  of  horn‐
worts (Adams & Duggan, 2008), stem glands of Gunnera (Bergman et al., 1992), hyphae of
lichens (Jayasinghearachchi & Seneviratne, 2004) and on the leaf surfaces of mosses (Solheim
& Zielke, 2002), where they fix and transfer N to the non-N2 fixing partner. To facilitate
locating  a  suitable  symbiotic  partner,  some cyanobacteria  belonging  to  the  order  Nosto‐
cales  can differentiate into motile segments termed hormogonia that travel chemotactical‐
ly  toward  a  potential  partner  (Campbell  &  Meeks,  1989).  If  the  partner  is  suitable,
hormogonia differentiate back into vegetative cells and enter into an active diazotrophic
symbiosis where they fix and provide N for both partners.

6. Legume x Rhizobium symbiosis

The legume x Rhizobium symbioses is a well-known mutualism involving plants from the
angiosperm family Leguminosae (synonym Fabaceae) and bacteria belonging to the family
Rhizobiaceae (Postgate 1998). In this symbiosis, diazotrophic soil bacteria belonging to the genus
Rhizobium (or closely related genera) seek out and infect roots of suitable legume plant hosts
using a complex chemical signaling system. Bacteria then colonize certain root cortex cells and
initiate formation of a new plant organ, the root nodule. Bacteria proliferate within root nodule
cells and then differentiate into a nitrogen fixing form called a bacteroid, to fix N2. The plant
vascular system is continuous with that of the root nodule, which enables newly fixed N to be
rapidly translocated to other parts of the plant most in need of N. Energy for BNF is provided
to bacteroids from plant photosynthesis and the oxygen concentration in root nodule cells is
tightly regulated by an iron containing protein very similar in composition to hemoglobin
called leghemoglobin. Bacteroids in this coadapted symbiosis are capable of high rates of BNF,
i.e., up to 600 kg/ha/yr, particularly when compared to BNF in the rhizosphere (15-25
kg/ha/yr) or by free-living diazotrophs (3-5 kg/ha/yr).

The legume x Rhizobium symbiosis has been studied widely from ecological, agronomic and
molecular biological perspectives to not only enhance the nitrogen-fixing efficacy of existing
symbioses but to determine if similar associations might also be developed with non-legume
crops (Oldroyd et al., 2011, Udvardi & Poole, 2013). Notwithstanding impressive gains in our
understanding of this symbiosis, its inherent complexity currently precludes our ability to
extend effective nodulation or nitrogen fixing capacity to non-legume species (Beatty & Good,
2011). However, systemic infection of non-legumes with endophytic diazotrophic bacteria has
been observed in several plant species and in some cases, appears to satisfy the majority of the
“host” plant’s N requirement with amounts of BNF similar to that of legume root nodules (see
Sugarcane and Other Crops and Nitrogen Fixation in Gymnosperms below).
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locating  a  suitable  symbiotic  partner,  some cyanobacteria  belonging  to  the  order  Nosto‐
cales  can differentiate into motile segments termed hormogonia that travel chemotactical‐
ly  toward  a  potential  partner  (Campbell  &  Meeks,  1989).  If  the  partner  is  suitable,
hormogonia differentiate back into vegetative cells and enter into an active diazotrophic
symbiosis where they fix and provide N for both partners.

6. Legume x Rhizobium symbiosis

The legume x Rhizobium symbioses is a well-known mutualism involving plants from the
angiosperm family Leguminosae (synonym Fabaceae) and bacteria belonging to the family
Rhizobiaceae (Postgate 1998). In this symbiosis, diazotrophic soil bacteria belonging to the genus
Rhizobium (or closely related genera) seek out and infect roots of suitable legume plant hosts
using a complex chemical signaling system. Bacteria then colonize certain root cortex cells and
initiate formation of a new plant organ, the root nodule. Bacteria proliferate within root nodule
cells and then differentiate into a nitrogen fixing form called a bacteroid, to fix N2. The plant
vascular system is continuous with that of the root nodule, which enables newly fixed N to be
rapidly translocated to other parts of the plant most in need of N. Energy for BNF is provided
to bacteroids from plant photosynthesis and the oxygen concentration in root nodule cells is
tightly regulated by an iron containing protein very similar in composition to hemoglobin
called leghemoglobin. Bacteroids in this coadapted symbiosis are capable of high rates of BNF,
i.e., up to 600 kg/ha/yr, particularly when compared to BNF in the rhizosphere (15-25
kg/ha/yr) or by free-living diazotrophs (3-5 kg/ha/yr).

The legume x Rhizobium symbiosis has been studied widely from ecological, agronomic and
molecular biological perspectives to not only enhance the nitrogen-fixing efficacy of existing
symbioses but to determine if similar associations might also be developed with non-legume
crops (Oldroyd et al., 2011, Udvardi & Poole, 2013). Notwithstanding impressive gains in our
understanding of this symbiosis, its inherent complexity currently precludes our ability to
extend effective nodulation or nitrogen fixing capacity to non-legume species (Beatty & Good,
2011). However, systemic infection of non-legumes with endophytic diazotrophic bacteria has
been observed in several plant species and in some cases, appears to satisfy the majority of the
“host” plant’s N requirement with amounts of BNF similar to that of legume root nodules (see
Sugarcane and Other Crops and Nitrogen Fixation in Gymnosperms below).
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7. Actinorhizal symbiosis

The actinorhizal symbiosis refers to a root nodule-forming, nitrogen-fixing symbiotic rela‐
tionship that is functionally analogous to the legume x Rhizobium symbiosis but distinct in
most of the details. It is restricted to members of a small group of woody, non-legume pioneer
species known as Actinorhizal plants and diazotrophs belonging to a single genus, Frankia, in
a phylum of mostly filamentous soil bacteria, the Actinobacteria. Actinorhizal plants comprise
approximately 200 plant species in 24 genera belonging to 8 plant families: Casuarinaceae,
Betulaceae, Myricaceae, Elaeagnaceae, Coriariaceae, Rhamnaceae, Datiscaceae and Rosaceae (Huss-
Danell, 1997). All but some members of Datiscaceae are shrubs or trees, and all are relatively
shade-intolerant pioneering species that are able to colonize N-poor sites due to their ability
to enter into the actinorhizal symbiosis (Crocker & Major, 1955; Chapin et al., 1994). Frankia
spp. are notoriously difficult to grow in culture hence our understanding of these microor‐
ganisms and the actinorhizal symbioses lags far behind that of the well-characterized legume
x Rhizobium associations. Owing to their recalcitrance to growth in culture, taxonomy of the
genus Frankia is poorly developed, with only one species designation since a member of this
genus was first reproducibly isolated over 30 years ago (Callaham et al., 1978). Numerous
strains of Frankia have since been isolated from inside surface-sterilized root nodules and are
designated as Frankia spp. followed by a strain number or name.

In contrast to the easily cultured, gram negative rod shaped cells that typify Rhizobium (and
relatives) species, Frankia spp. strains possess gram-variable cells of three distinct types:
filamentous vegetative hyphae, reproductive spores and N2-fixing vesicles (Benson & Silvest‐
er, 1993). The infection of plant roots and subsequent formation of root nodules bear some
similarity to these processes in Rhizobium-infected legumes, but the origin and composition of
Frankia-induced root nodules differs significantly (Wall & Berry, 2008). Unlike the de novo
structure of a legume root nodule, actinorhizal root nodules are comprised of numerous tightly
or loosely packed lobes, each of which originates from the pericycle indicating that it is a
modified lateral root. Unlike Rhizobium bacteroids, the filamentous Frankia hyphae differenti‐
ate into an active nitrogen fixing form by developing numerous vesicles inside the root nodule
or they may differentiate into spores and contribute nothing to the N economy of the plant.
The tendency to sporulate in the nodule appears to be a strain specific characteristic that is
influenced by the identity of plant host species. The oxygen concentration in root nodules is
regulated primarily by varying the number and thickness of nitrogen fixing vesicle wall layers,
however, the elegant heme protein leghemoglobin, which facilitates oxygen diffusion and
supply in legume root nodules, has also been detected in nodules of some actinorhizal plants.
Physiological and structural differences between actinorhizal and legume root nodules
suggest that actinorhizal symbioses are less evolved and less efficacious in NF compared to
legume x Rhizobium symbioses, but an effective actinorhizal symbiosis can fix several hundred
kilograms of N per hectare annually, an amount which is similar to an effective legume
symbiosis.
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8. Bacterial endophytes

The  presence  of  microorganisms  in  plant  tissues  might  reasonably  be  considered  an
indication that a disease state is imminent, however this is not necessarily the case. Several
decades ago, Trevet and Hollis (1948) reported the occurrence of bacteria within tissues of
healthy potato plants and several studies have since demonstrated that internal tissues of
healthy plants are colonized by bacteria. The term ‘bacterial endophytes’ has been used to
describe bacteria that reside within living plant tissues without causing disease (Wilson,
1995; van der Lelie et al., 2009), however it does not differentiate whether such bacteria are
(i) truly harmless, (ii) latent pathogens (Sinclair & Cerkauskas, 1996) or (iii) able to elicit
production  of  symbiotic  structures  such  as  root  nodules  on  the  host.  We  use  the  term
‘endophyte’  in  this  paper  to  describe  bacteria  that  ‘can  be  detected  at  a  particular  mo‐
ment within the tissue of apparently healthy plant hosts’ (Schultz & Boyle, 2005) without
inducing disease or organogenesis (Iniguez et  al.,  2005).  In contrast  to free-living,  rhizo‐
sphere  or  phyllosphere  microorganisms,  bacterial  endophytes  are  better  protected  from
abiotic stresses such as extreme variations in temperature, pH, nutrient and water availabil‐
ity  as  well  as  biotic  stresses  such  as  competition  (Loper  et  al.,  1985;  Cocking,  2003;
Rosenblueth & Martinez-Romero, 2006). In addition, bacterial endophytes colonize niches
that are more conducive to forming mutualistic relationships with plants through NF, for
example, as suggested in sugarcane and other crops (see below) (Richardson et al., 2009).

8.1. Bacterial endophytes of sugarcane and other agricultural crops

In the 1980’s, Brazilian researchers were perplexed by the consistently high yields of field-
grown sugarcane, an N-demanding crop, without exogenous N fertilizer application and
looked for a microbiological explanation for this apparently anomalous observation. After it
was determined that rhizospheric NF did not occur at sufficient rates to facilitate high
sugarcane yields, Cavalcante & Döbereiner (1988) looked for microorganisms within sugar‐
cane tissues that might be involved and isolated a diazotrophic bacterium, Gluconoacetobacter
diazotrophicus, previously known as Acetobacter diazotrophicus. Its ability to establish high
endophytic populations and to fix N2 in high sucrose concentrations (Boddey et al., 1991) at
low pH (Boddey et al., 1991; Stephan et al., 1991), conditions which typify sugarcane tissues,
led to the suggestion that this diazotrophic bacterium could satisfy almost all of the sugarcane
N requirements. Several other N-contributing diazotrophic endophytes were subsequently
found to associate with sugarcane including two Herbaspirillum species (Cavalcante & Döber‐
einer, 1988; Baldani et al., 1992; 2002), Azoarcus spp. (Reinhold et al., 1993) and Azospirillum
brasilense (de Bellone and Bellone, 2006). However, more recent studies indicate that the
primary source of diazotrophy may involve a consortium of bacteria, possibly including
uncultured strains, that live on or inside plant tissues (Burbano et al., 2011; Taulé et al., 2012).
Since the discovery of diazotrophic endophytes in sugarcane (Saccharum officinarum L.)
(Ruschel et al., 1975), several other agriculturally important crop species including rice (Oryza
sativa) (Shrestha & Ladha, 1996), maize (Zea mays L.) (Montañez et al., 2009) and kallar grass
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(Leptochloa fusca L.) (Malik et al., 1997) have been postulated to receive significant amounts of
fixed N2 in this way.

Despite sugarcane’s apparent potential to derive much of its N from BNF, it has not been
proven that G. diazotrophicus or any endophytic diazotroph is the primary causal agent of
N accumulation by this plant in the field. Non-culturable endophytes with plant growth-
promoting potential have been detected in sugarcane tissues (Hallmann et al., 1997; Mendes
et al., 2007). In addition, all known culturable bacterial endophytes including G. diazotrophi‐
cus  colonize the rhizosphere as well as internal plant tissues, rendering it  difficult if  not
impossible  to  distinguish  endophytic  from  non-endophytic  BNF.  There  is  also  no  clear
evidence that N is transferred directly from endophytic diazotrophs to the host plant, unlike
other symbiotic N2 fixing systems where specific nitrogenous compounds such as ureides
in soybean (Herridge,  1982)  and citrulline in  alder  (Leaf  et  al.,  1958)  are  synthesized to
transport fixed N from the site of NF to other host tissues. It is generally accepted that the
N transfer to the host from rhizospheric NF results from the release of mineralized N from
dead bacterial cells (Dobbelaere et al., 2003; Momose et al., 2009; Mia & Shamsuddin, 2010).
Whether  or  not  a  similar  mechanism  operates  with  endophytic  diazotrophs  remains
unanswered.

If endophytic diazotrophs are ultimately proven to be the primary cause of BNF and growth
promotion of their host plants, such a plant x microbe association would represent another
type of mutualistic symbiosis where the plant provides photosynthate and a competition-free,
microaerobic environment for effective N2 fixation (Hallman et al., 1997; Reinhold-Hurek &
Hurek, 1998a,b; Santi et al., 2013) for microorganisms in return for plant growth-promoting
amounts of N from BNF. In contrast to the legume x Rhizobium and actinorhizal symbioses, no
symbiosis-specific structures (e.g., nodules or chambers housing bacteria) have been detected
in infected host, though Anand & Chanway (2013 a)observed occasional plant cells filled with
diazotrophic Paenibacillus polymyxa in inoculated lodgepole pine tissues (Fig. 1b).

8.2. Nitrogen fixation in gymnosperms: Effects on seedling growth and N content

Lodgepole pine (Pinus contorta var. latifolia (Dougl.) Engelm.), a commercially important
gymnosperm species indigenous to western North America, is capable of growing in very
rocky substrates and is notable for its ability to thrive on nutrient poor, N-limited soils
(Weetman et al., 1988; Chapman & Paul, 2012). Based on earlier work with lodgepole pine
suggesting that rhizospheric BNF contributed only small amounts of N to seedlings (Chanway
& Holl, 1991) as well as reports that BNF in sugarcane was endophytic, we searched for
endophytic diazotrophs in lodgepole pine as a possible explanation for the ability of this
species to grow on N-deficient substrates. We successfully isolated several Paenibacillus strains
that possessed significant acetylene reduction activity from extracts of surface-sterilized
lodgepole pine seedling and tree tissues (Bal et al., 2012) and tested them for BNF with
lodgepole pine and western red cedar seedlings in a 15N soil dilution assay (Bal & Chanway,
2012a,b). When pine was reintroduced to one of the strains, Paenibacillus polymyxa strain
P2b-2R, and grown in a very N-limited soil, seedlings were found to derive more than half
(66%) of their foliar N from BNF, but their growth was inhibited compared to non-inoculated

Nitrogen Fixation Outside and Inside Plant Tissues
http://dx.doi.org/10.5772/57532

9



controls 9 months after planting (Bal & Chanway, 2012a). Similar effects, i.e., BNF and seedling
growth inhibition, were observed with western red cedar (Bal & Chanway, 2012b).

Based on these results, we hypothesized that soil N depletion would eventually restrict the
growth rate of control seedlings to a point where they would be outperformed by N2-fixing
seedlings, and set up longer term growth experiments to evaluate this possibility. After a 13-
month growth period, pine seedlings treated with P2b-2R were observed to derive most of
their foliar N (79%) from BNF (Anand et al., 2013), which was confirmation of the ability of
lodgepole pine to fix N after colonization by P. polymyxa. When compared with previous
results, we found that inoculated seedlings grown for 7, 9 and 13 months derived 30%, 66%
(Bal & Chanway, 2012a) and 79% (Anand et al., 2013), respectively, of their foliar N from the
atmosphere. The progressive increase in the proportion of N derived from BNF i.e., %Ndfa,
with seedling age suggests that BNF is an important component of N nutrition of pine in N-
limited soil. Urquiaga et al. (1992) also observed an increasing reliance on BNF with seedling
age, and concomitant decreasing soil N, in sugarcane cv. Krakatau. The %Ndfa rose from 6%
to 55% during the interval 100 - 250 days after emergence. In addition to high %Ndfa, 13-month
old seedlings treated with P2b-2R also accumulated significantly more biomass (78%) than
controls, and had overcome the growth inhibition observed in seedlings of younger ages.
While P. polymyxa possesses several characteristics that can result in plant growth promotion
(Chanway, 2002), the enhanced performance of 13-month old seedlings was likely caused by
an increase in the amount of N derived from BNF because the proportion of foliar N from BNF
(68%-79%) (Anand et al., 2013) in older seedlings was only marginally higher than that of nine-
month old seedlings (64%-66%) (Bal & Chanway, 2012a), but the concentration of foliar N
(2.35%) (Anand et al., 2013) was 5-fold greater than nine-month old seedlings. The difference
in total foliar N content, i.e., foliar N concentration x foliar biomass, was even greater and
represented an elevation of foliar N concentration from a level considered to be very severely
N deficient in all nine-month old seedlings (Bal & Chanway, 2012a) and the 13-month old
controls (Anand et al., 2013) to one that is adequate for healthy lodgepole pine (Ballard &
Carter, 1986). The comparatively early onset of BNF and delayed seedling growth response
suggest that development of a fully effective N2-fixing bacterial population, able to enhance
foliar N concentration in pine, is not a rapid process. Establishment of fully effective BNF in
pine does not appear to depend on the population size of endophytic diazotrophs because
P2b-2R colonization of root, stem and needle tissues in older seedlings did not differ signifi‐
cantly from younger seedlings (Anand et al., 2013), though it is possible that external root
colonization was quantitatively related to BNF. However, if BNF is endophytic and requires
physiological modifications of bacteria, e.g., differentiation of Paenibacillus into a N2-fixing form
similar to Rhizobium bacteroids (Postgate, 1998), or plants, e.g., the establishment of specialized
sites of BNF within plant tissues or cells, to be fully effective, some time may be required for
them to complete. Our observations of intracellular colonization by P2b-2Rgfp (Figure 1; Anand
& Chanway, 2013a) are consistent with this idea but further research is required to evaluate
the physiology of P. polymyxa in association with pine as well as the relationship of bacterial
population size to BNF.
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Figure 1. Colonization of cortex cells from a pine stem by green fluorescent protein (GFP) labeled Paenibacillus poly‐
myxa strain P2b-2Rgfp using confocal laser scanning microscropy. Stem sections were viewed using green channel
light (Figure 1a & b, panel 1) to visualize bright green GFP-labeled bacteria or red channel light (Figure 1a & b, panel 2)
to visualize chloroplasts within pine cells. Using green channel light, GFP-labeled bacteria appear as green dots in a
single pine cell (Figure 1a & b, panel 1). Under red light, chloroplasts appear as larger red organelles in the same single
pine cells (Figure 1a & b, panel 2). Cells viewed using green and red channel light simultaneously (Figure 1a & b, panel
3) show GFP-labeled bacteria and chloroplasts within a pine cell. The white circle in Figure 1a, panel 3 encloses (i) sev‐
eral GFP-labeled bacterial cells, (ii) a single chloroplast in Figure 1a, panel 2 and GFP-labeled bacteria associated very
closely with the chloroplast in Figure 1a, panel 3. Complete methodology is described in Anand and Chanway (2013a).

8.3. Nitrogen fixation in gymnosperms: Colonization of seedlings

The ability of P. polymyxa to colonize gymnosperm seedlings internally and externally has
been evaluated in several greenhouse experiments (Bent & Chanway, 2002; Bal & Chan‐
way,  2012a,b;  Anand et  al.,  2013),  but  the  ability  of  a  green  fluorescent  protein-tagged
derivative of P2b-2R to colonize internal pine tissues (Anand & Chanway, 2013a) provid‐
ed convincing evidence that P2b-2R is endophytic, notwithstanding possible differences in
behavior  of  GFP-tagged and wild type cells  (van der Lelie  et  al.,  2009).  The population
densities of P2b-2R inside pine tissues were observed to be comparable to densities reported
for endophytic diazotrophs of crop plants such as rice (Oryza sativa L.), 104 - 105 cfu/g tissue
(Elbeltagy et al., 2001), surgarcane, 105 - 107 (Sevilla et al., 2001) and grape (Vitis vinifera L.),
105 -109 (Compant et al., 2005) as well as hybrid spruce (Picea glauca x P. engelmannii), 103

– 105 (Shishido et al., 1999) and other tree species, 101 – 107 (Izumi, 2011). Recovery of P2b-2R
from stem and needle tissues suggests bacteria migrate from the roots and soil  to aerial
plant  organs:  the  observation  that  root  and  stem  populations  decreased  while  needle
populations increased (Anand et al., 2013) supports this idea. Compant et al. (2005) observed
a similar trend in grape plantlets inoculated with Burkholderia sp. PsJN and suggested that
the stem acts as a transportation corridor for bacteria to reach leaves, which they consid‐
ered a  sink for  endophytes.  However,  it  is  also  possible  that  primordial  pine stem and
needle tissues were colonized at germination by P2b-2R residing on the seed coat and in
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the spermosphere, resulting in growth of bacterial populations in situ after shoots expand‐
ed, but the mechanism and patterns by which P2b-2R colonizes aerial pine tissues cannot
be affirmed without further study.

We also observed intact cells from different pine stem sections that were colonized internally
by GFP-labeled bacteria (Anand & Chanway, 2013a). In some cases, GFP-labeled bacteria
were observed in pine cells in close proximity to chloroplasts (Fig.  1a),  which raises the
possibility that bacteria colonized microsites near these energy-generating organelles. GFP
labelling  were  also  observed  tightly  packed  within  other  pine  cells  (Fig.  1b).  Whether
bacteria in either of these pine cells (Fig. 1) were fixing N cannot be determined, but these
unique endophytic colonization patterns warrant further study. Endophytic bacteria have
also been observed inside cells of grape (Compant et al., 2005), grasses (Hurek et al., 1994),
sugarcane (James & Olivares, 1998) and poplar (Populus deltoides x P. nigra) (van der Lelie
et al., 2009). Intracellular colonization of the pine stem cortex was rare and we were unable
to inspect needle tissues for P2b-2Rgfp so it is unclear if colonized pine cells are of biological
importance.  GFP-labeled  bacteria  may  simply  have  detected  micro-colonies  of  bacteria
feeding on dead or dying plant  cells  in the stem cortex.  Alternatively,  it  is  tempting to
hypothesize  a  possible  role  for  intracellular  bacteria  in  BNF  considering  the  foliar  15N
dilution observed in colonized seedlings (Bal and Chanway, 2012a,b; Anand et al.,  2013;
Anand & Chanway, 2013b). Could these cells be specialized seats of N2-fixation, perhaps
similar  to  Rhizobium  bacteroids  inside  cells  of  legume  root  nodules?  You  et  al.  (1991)
reported root cortex cells of rice, a non-leguminous plant, contained diazotrophic bacteria
and  some  species  of  algae  have  been  found  to  harbor  endophytic  bacteria  near  their
chloroplasts  (Colombo,  1978;  Preisig  &  Hibberd,  1984).  While  this  is  a  very  interesting
possibility, it is premature to focus on intracellular BNF in pine without more convincing
supporting data.

Results with lodgepole pine strongly suggest that seedlings can fix N2 when colonized by
P. polymyxa and demonstrate that N2-fixing seedlings develop healthy foliar N levels and
enhanced growth in very N-limited soil.  Western red cedar may also benefit  from treat‐
ment with this bacterium (Bal & Chanway, 2012b; Anand & Chanway, 2013b), but amount
of  BNF and plant  growth  promotion  were  reduced compared to  pine.  Because  P.  poly‐
myxa  P2b-2R originated from pine seedling tissue,  it  is  tempting to speculate that  some
degree of plant x microbe specificity may exist in this type of association. Research with
pine  and  cedar  raises  several  other  questions  regarding  the  ecological  importance  of
endophytic diazotrophs in gymnosperms. For example, is P. polymyxa unique in its ability
to enter into this type of interaction with gymnosperms or is this a comparatively com‐
mon trait in conifer forests? If P. polymyxa is unique, how widespread is its distribution?
How long must pine and diazotroph coexist before effective N fixation occurs and is BNF
restricted to the seedling stage? What are the effects of soil N on colonization and BNF by
P. polymyxa? It is possible that endophytic diazotrophs play a key role in natural regenera‐
tion of gymnosperms at N-poor sites but whether this is true and their importance in forest
ecosystems can only be ascertained through future studies.
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the spermosphere, resulting in growth of bacterial populations in situ after shoots expand‐
ed, but the mechanism and patterns by which P2b-2R colonizes aerial pine tissues cannot
be affirmed without further study.

We also observed intact cells from different pine stem sections that were colonized internally
by GFP-labeled bacteria (Anand & Chanway, 2013a). In some cases, GFP-labeled bacteria
were observed in pine cells in close proximity to chloroplasts (Fig.  1a),  which raises the
possibility that bacteria colonized microsites near these energy-generating organelles. GFP
labelling  were  also  observed  tightly  packed  within  other  pine  cells  (Fig.  1b).  Whether
bacteria in either of these pine cells (Fig. 1) were fixing N cannot be determined, but these
unique endophytic colonization patterns warrant further study. Endophytic bacteria have
also been observed inside cells of grape (Compant et al., 2005), grasses (Hurek et al., 1994),
sugarcane (James & Olivares, 1998) and poplar (Populus deltoides x P. nigra) (van der Lelie
et al., 2009). Intracellular colonization of the pine stem cortex was rare and we were unable
to inspect needle tissues for P2b-2Rgfp so it is unclear if colonized pine cells are of biological
importance.  GFP-labeled  bacteria  may  simply  have  detected  micro-colonies  of  bacteria
feeding on dead or dying plant  cells  in the stem cortex.  Alternatively,  it  is  tempting to
hypothesize  a  possible  role  for  intracellular  bacteria  in  BNF  considering  the  foliar  15N
dilution observed in colonized seedlings (Bal and Chanway, 2012a,b; Anand et al.,  2013;
Anand & Chanway, 2013b). Could these cells be specialized seats of N2-fixation, perhaps
similar  to  Rhizobium  bacteroids  inside  cells  of  legume  root  nodules?  You  et  al.  (1991)
reported root cortex cells of rice, a non-leguminous plant, contained diazotrophic bacteria
and  some  species  of  algae  have  been  found  to  harbor  endophytic  bacteria  near  their
chloroplasts  (Colombo,  1978;  Preisig  &  Hibberd,  1984).  While  this  is  a  very  interesting
possibility, it is premature to focus on intracellular BNF in pine without more convincing
supporting data.

Results with lodgepole pine strongly suggest that seedlings can fix N2 when colonized by
P. polymyxa and demonstrate that N2-fixing seedlings develop healthy foliar N levels and
enhanced growth in very N-limited soil.  Western red cedar may also benefit  from treat‐
ment with this bacterium (Bal & Chanway, 2012b; Anand & Chanway, 2013b), but amount
of  BNF and plant  growth  promotion  were  reduced compared to  pine.  Because  P.  poly‐
myxa  P2b-2R originated from pine seedling tissue,  it  is  tempting to speculate that  some
degree of plant x microbe specificity may exist in this type of association. Research with
pine  and  cedar  raises  several  other  questions  regarding  the  ecological  importance  of
endophytic diazotrophs in gymnosperms. For example, is P. polymyxa unique in its ability
to enter into this type of interaction with gymnosperms or is this a comparatively com‐
mon trait in conifer forests? If P. polymyxa  is unique, how widespread is its distribution?
How long must pine and diazotroph coexist before effective N fixation occurs and is BNF
restricted to the seedling stage? What are the effects of soil N on colonization and BNF by
P. polymyxa? It is possible that endophytic diazotrophs play a key role in natural regenera‐
tion of gymnosperms at N-poor sites but whether this is true and their importance in forest
ecosystems can only be ascertained through future studies.
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9. Conclusions and future research

Biological nitrogen fixation is a free and environmentally benign process through which
biologically useful N can be generated for plant growth. Because nitrogen fixation is most
effective when bacteria associate with plants to some degree, future research should focus on
the various known plant associative and symbiotic nitrogen fixing systems. However, owing
to the complexity of root-nodule based symbioses, colonization of plants by endophytic
diazotrophs seems to hold the greatest potential for expansion of BNF to plant species that do
not normally fix N2. Initial steps might include mass screening of known endophytic diazo‐
trophs with commercially important plant species while continuing studies of effective
nitrogen fixing associations involving plants that are colonized by endophytic diazotrophs.
Such studies will help to elucidate the molecular, physiological and ecological details of this
potentially useful plant x microbe interaction.
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1. Introduction

Cyanobacteria  are  often  called  "blue-green  algae",  this  name  is  convenient  for  talking
about organisms in water that make their own food, but does not reflect any relationship
between the cyanobacteria and other organisms called algae.  Cyanobacteria are relatives
to bacteria, not eukaryotes, and it is only the chloroplast in eukaryotic algae to which cya‐
nobacteria  are  related.  Some cyanobacteria  are  aquatic  and photosynthetic,  that  is,  they
live in water, and can manufacture their own food. They are quite small and usually uni‐
cellular, though they often grow in colonies large enough to see. In fact, it may surprise
you then to know that the cyanobacteria are still around; they are one of the largest and
most important groups of bacteria on earth (Berry et  al,  2008).  The great contribution of
cyanobacteria is  the origin of plants chloroplast with which plants make food for them‐
selves  is  actually  a  cyanobacterium living within  the  plant's  cells.  Sometime in  the  late
Proterozoic  or  in  the  early  Cambrian,  cyanobacteria  began  to  take  up  residence  within
certain  eukaryote  cells,  making  food for  the  eukaryote  host  in  return  for  a  home.  This
event is known as endosymbiosis, and is also the origin of eukaryotic mitochondrion (Is‐
sa et al., 2002). Majority of cyanobacteria are aerobic photoautotrophs, their life processes
require only water, carbon dioxide, inorganic substances and light. Photosynthesis is their
principal mode of energy metabolism. In the natural environment, however, it  is known
that some species are able to survive long periods in complete darkness. Furthermore, cer‐
tain cyanobacteria show a distinct  ability for heterotrophic nutrition (Fay,  1965).  Cyano‐
bacteria might be the first plants to colonies bare areas of rock and soil. Adaptations, such
as ultraviolet  absorbing sheath pigments,  increase their  fitness  in  the  relatively exposed
land environment.  Many species  are  capable  of  living in  soil  and other  terrestrial  habi‐
tats,  where they are  important  in  the functional  processes  of  ecosystems and cycling of
nutrient elements (Whitton, 1992). The prominent habitats of cyanobacteria are limnic and
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marine environments. They flourish in water that is salty, brackish or fresh, in cold and
hot springs, and in environments where no other microalgae can exist. Most marine forms
(Humm  and  Wicks,  1980)  grow  along  the  shore  as  benthic  vegetation  in  the  zone  be‐
tween  high  and  low tide  marks.  Cyanobacteria  comprise  a  large  component  of  marine
plankton with global distribution (Gallon et al., 1996). A number of freshwater species are
also able to withstand relatively high concentrations of  sodium chloride.  It  appears that
many cyanobacteria isolated from coastal environments tolerate saline environments (i.e.
are halotolerant) rather than require salinity (i.e. are halophilic). As frequent colonisers of
euryhaline  (very  saline)  environments,  cyanobacteria  are  found  in  salt  works  and  salt
marshes,  and are  capable  of  growth at  combined salt  concentrations  as  high as  2-3  (%)
(Reed et al., 1984). Freshwater localities with diverse trophic states are prominent habitats
for cyanobacteria. Numerous species characteristically inhabit, and can occasionally domi‐
nate,  both near-surface epilimnic and deep,  euphotic,  hypolimnic waters of  lakes (Whit‐
ton,  1973).  Others  colonise  surfaces  by  attaching  to  rocks  or  sediments,  sometimes
forming mats that may tear loose and float to the surface. Cyanobacteria have an impres‐
sive  ability  to  colonise  infertile  substrates  such  as  volcanic  ash,  desert  sand  and  rocks
(Dor and Danin, 1996). They are extraordinary excavators, boring hollows into limestone
and special  types  of  sandstone (Weber  et  al.,  1996).  Another  remarkable  feature  is  their
ability to survive extremely high and low temperatures. Cyanobacteria are inhabitants of
hot springs (Castenholz, 1973), mountain streams (Kann, 1988), Arctic and Antarctic lakes
(Skulberg, 1996) and snow and ice (Kol, 1968; Laamanen, 1996). The cyanobacteria also in‐
clude species that run through the entire range of water types, from polysaprobic zones
to katharobic waters (Van Landingham, 1982).

Once known as blue-green algae, cyanobacteria are the most diverse photosynthetic bacte‐
ria. The gram negative bacteria have chlorophyll a and photosystems I and II that allow
them to perform oxygenic photosynthesis. Unlike most bacteria, cyanobacteria lack α-keto‐
glutarate dehydrogenase and therefore do not use the citric acid cycle for carbohydrate me‐
tabolism, but the pentose phosphate pathway. With such great diversity there has been
some controversy on how to classify cyanobacteria. Bergey's Manual has divided the organ‐
ism into five subsections. The classical taxonomy of cyanobacteria divides these organisms
into five 'subsections' or orders, three for non-heterocystous types and two for heterocystous
types (Castenholz, 2001; Castenholz and Waterbury, 1989). The non-heterocystous cyano‐
bacteria comprise Subsection I (Chroococcales), which are unicellular cyanobacteria that re‐
produce by binary fission; Subsection II (Pleurocapsales) are unicellular cyanobacteria that
produce daughter cells smaller than the parent; and Subsection III (Oscillatoriales) consists
of cyanobacteria that produce filaments of cells known as trichomes. All three subsections
have N2-fixing representatives (Bergmanetal., 1997). The classification of N2-fixing cyanobac‐
teria based on behaviour are shown in table (1) and photographed in figure (1). Heterocyst
formation is an important aspect to nitrogen fixation. The filamentous cells differentiate into
heterocysts when the cells are deprived of dissolved inorganic nitrogen. A heterocyst con‐
sists of a thick cell wall and only contains photosystem I for ATP production. Photosystem II
is degraded to prevent O2 production. O2 inhibits nitrogenase, the enzyme responsible for
N2-fixation. The proposal chapter we will discuss the contribution of cyanobacterial nitrogen
fixer organisms’ in ecosystem and future prospects.
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A. Cyanobacteria that can fix N2 aerobically

A1.Cyanobacteria that separate N2 fixation from oxygenic photosynthesis in space.

Includes heterocystous genera, for example, Anabaena.

A2.Cyanobacteria that separate N2fixation from oxygenic photosynthesis in time.

Includes non-heterocystous genera, such as Gloeothece, Cyanothece and Lyngbya

A3.Cyanobacteria that separate N2 fixation from oxygenic photosynthesis both in space and in time. Includes

non-heterocystous genera, such as Trichodesmium and Katagnymene

B. Cyanobacteria that can fix only N2 either anaerobically or microaerobically

Many non-heterocystous cyanobacteria,forexample, Plectonemaboryanum.

Table 1. A classification of N2-fixing Cyanobacteria based on behavior

Figure 1. N2-fixing cyanobacteria
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2. Effect of abiotic and biotic factor’s on population and survival of
Cyanobacteria

Cyanobacteria, a group of prokaryotic, oxygen-evolving, photosynthetic Gram-negative bac‐
teria, survive in a wide variety of extreme environmental conditions; they are exposed to
various types of natural stresses, such as nutrient limitation, pesticides, pollution, drought,
salinity, temperature, pH, light intensity and quality, etc. (Herrero et al., 2001). A Protein in
the cyanobacterial thylakoid membranes was identified as a sensitive protein to environ‐
mental stress conditions: under various unfavorable conditions like drought, nutrition defi‐
ciency, heat, chemical stress, ozone fumigation as well as UV-B and visible light stresses can
influence the turnover of protein (Giardi et al., 1997). Many species are capable of not only
surviving, but thriving in conditions previously thought to be inhabitable, tolerating desic‐
cation, high temperatures, extreme pH, high salinity and pesticides illustrating their capaci‐
ty to acclimate to extreme environments (Stal 2007). The major abiotic factor affecting the
distribution of algae in soils is solar radiation, moisture, temperature, nutrients, and pH, or‐
ganic matter content and soil texture are less important. Generally, the higher the soil mois‐
ture, soil temperature, and sunlight penetration to the soil surface, the greater the
population and activities of algae. Increased levels of both organic and inorganic nutrients
also enhance the growth and activity of terrestrial algae. Soil pH also affects the activities of
certain types of algae. For example, cyanobacteria thrive best in alkaline soils (pH 7.0 and
above) whereas green algae do best in more acidic soils (pH 5.5 and below). In fact, in many
cases, moisture levels can be excessive, creating anaerobic conditions that favor the growth
of some cyanobacterial species. On these types of sites, temperature appears to be the over‐
riding factor influencing algal growth and activity. It was found that species of Oscillatoria
were the predominant algae in Bermuda grass greens whereas species of Anacystis were the
dominant algae in bent grass greens. This distribution can vary too according to the time of
year and geographical location. Pesticides are another factor affecting the distribution and
activity of cyanobacteria. In general, most herbicides, fungicides, and soil fumigants are tox‐
ic, whereas insecticides generally are not. Nearly all of our knowledge about pesticide toxici‐
ty to cyanobacteria comes from either laboratory culture studies or from a limited number of
field studies on agricultural crops (Mahmoud et al, 1992; Issa, 1999; Issa et al., 2013).

The physico-chemical changes in the environment may affect particular species and induce
the growth and abundance of other species, which leads to the succession of several species
in a course of time (Muthukumar et al., 2007). High temperatures favour both the phyto‐
plankton productivity and blue green algae (Roger and Reynaud, 1979). Cyanobacteria grew
rapidly in the rice fields that contained ample organic matters in the soil and water as well
as conditions such as pH, temperature, and organic sources in various rice fields (Choudhu‐
ry and Kennedy, 2004). Among soil properties, pH is a very important factor in growth, es‐
tablishment and diversity of cyanobacteria, which have generally been reported to prefer
neutral to slightly alkaline pH for optimum growth (Koushik, 1994). The cyanobacteria Alo‐
sira ferrilissitiia and Calothrix brevessima have been reported to be ubiquitous in Kerala rice
fields with pH from 3.5 to 6.5. Subhashini and Kaushik (1981) reported that the pH of the
alkaline soil decreased when treated with cyanobacteria. Also, Nayak and Prasanna (2007)
investigated the cyanobacteria were more in number at high pH in rice fields. Cyanobacteria
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have been found not only to grow in highly saline-alkali soils, but also improve the physico-
chemical properties of the soil by enriching them with carbon, nitrogen and available phos‐
phorus (Kaushik, 1994).

Many species of cyanobacteria not only fix carbon in CO2 through photosynthesis, but they
can also fix atmospheric nitrogen. Both of these processes also play an important role in hu‐
mus formation. In natural soils, cyanobacteria produce considerable amounts of polysac‐
charide that helps to aggregate soil colloids and improve soil structure while at the same
time improving water infiltration and percolation. Subsurface soil cyanobacteria are also
known to associate with plant roots, producing hormones that stimulate root growth and
enhance the activities of other beneficial root-associated microorganisms (Issa et al., 1994). In
fact in many of the rice growing regions of the world some cyanobacterial species are inocu‐
lated into soils to enhance rice yields by as much as 36%. Soil cyanobacteria also commonly
interact with other microorganisms in soil. Many soil cyanobacteria excrete avariety of anti‐
microbial compounds that affect the activities of other microorganisms, including plant
pathogens. In this case, a species of Nostoc was used for the biological control of a seedling
disease of millet. Upon the death of nearly all algae, they serve as an important food source
for many important bacteria and fungi in soils (Issa, 1999). While living, soil algae serve as
food sources for protozoa, earthworms, nematodes, and micro arthropods. A number of as‐
sociations of algae with othermicroorganisms in soil can result in enhanced algal growth re‐
sulting in detrimental effects on turfgrass growth and quality. On the other hand, a number
of cyanobacteria species have been shown to inhibit root growth of a number of crop plants
by producing antibiotic substances that also inhibit bacterial growth. It is well known in the
floriculture industry that algal proliferation (usually cyanobacteria) on subirrigation mats
and on roots of potted plants in greenhouses can lead to reductions in plant growth and
quality.

In the Arctic, cyanobacteria are the primary source of newly fixed nitrogen (Hobara et al.
2006; Solheim et al. 2006) and form many associations with vegetation including epiphytic
and endophytic facultative associations with bryophytes (Turetsky, 2003) and the lichen
symbioses and soil surface colonies that are components of Biological Soil Crusts (Belnap et
al. 2001). Bryophyte-associated cyanobacteria are an important source of N2 within many
terrestrial ecosystems, for example, a high abundance of feather moss-cyanobacterial associ‐
ations occur innorthern boreal forests, where they contribute 1.5 to 2.0 kg N ha−1yr−1 (DeLuca
et al.2002; Houle et al.2006; Lagerström et al.2007; Zackrisson et al.2009).While variation is of‐
ten high within and between bryophyte species, the highest rates of N2-fixation in arctic
landscapes are often associated with cyanobacteria bryophyte associations (Alexander and
Schell1973; Henry and Svoboda1986; Solheim et al.1996). Cyanobacterial symbioses with li‐
chens are also a major source of fixed N2 as they often have N2-fixation rates exceeding that
of other cyanobacterial symbioses (Schell and Alexander1973; Kallio and Kallio 1975; Crit‐
tenden and Kershaw 1978; Gunther 1989; Hobara et al. 2006). Finally, the prevalence of Bio‐
logical Soil Crusts in many arctic ecosystems ensures that the cyanobacteria associated with
those crusts are major contributors to arctic N2 inputs (Alexander et al.1978). Although many
environmental factors could potentially determine the microbial community present in these
multidimensional ecosystems, changes in the diversity of cyanobacteria in rice fields was
correlated to salinity Low salinity favored the presence of heterocystous cyanobacteria,
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while very high salinity mainly supported the growth of non-heterocystous genera. High ni‐
trogen content in the low salt soils is proposed to be a result of reduced ammonia volatiliza‐
tion in comparison to the high salt soils. Cyanobacterial mats are dense, stratified microbial
agglomerations that develop well in hypersaline habitats because of the limited grazing ac‐
tivities (Javor and Catenholz 1984; Cohen 1989; Farmer 1992). These mats are composed of
different physiological groups of microbes such as photoautotrophic, photoheterotrophic,
chemoautotrophic, and heterotrophic organisms (van Gemerden 1993; Stal 1995). Oxygenic
photosynthesis is mainly performed by cyanobacteria in the top few millimeters of the mats,
resulting in the development of strong oxygen gradients and the production of organics that
are utilized by heterotrophic bacteria (Jonkers et al. 2003).

3. Effect of adverse soil condition on heterocyst formation and
nitrogenase activity in hetreocystous cyanobacteria

Many free-living blue-green algae (cyanobacteria) fix atmospheric nitrogen and since they
are photosynthetic, they do not compete neither with crop plants nor with heterotrophic soil
microflora for carbon and energy. Nitrogen-fixing ability has not only been shown by heter‐
ocystous Cyanobacteria (Nostoc, Anabaena, Aulosira, etc.) but also by several non-heterocys‐
tous unicellular (Gloeocapsa, Aphanothece, Gloeothece, etc.) and filamentous (Oscillatoria,
Plectonema, etc.) cyanobacteria (Table 2). In non heterocystous forms, the oxygenic photosyn‐
thesis was found to be separated from nitrogen fixation either temporally or spatially. In
temporal separation, nitrogen fixation predominantly occurs during the dark period and
photosynthesis during the light; in these forms in terms of energy the anaerobic dark condi‐
tions are not very favourable for the process of nitrogen fixation. In spatial separation, the
central non-photosynthetic cells get engaged in nitrogen fixation, whereas, the outer green
cells are photosynthetically active. The species with bio fertilizer potential are the heterocys‐
tous, filamentous forms belonging to the order Nostocales and Stigonematales in which the
nitrogenase activity and oxygenic photosynthesis are separated spatially and nitrogenase ac‐
tivity is usually light-dependent. Species of Nostoc, Anabaena, Tolypothrix, Aulosira, Cylindro‐
spermum, Scytonema, and several other genera are widespread in rice fields and contribute
significantly to their fertility. Cyanobacteria can contribute about 20-30 kg N ha−1 season−1 as
well as organic matter to the soil which is quite significant for the economically weak farm‐
ers who are unable to invest on costly chemical nitrogen fertilizer. Often blooms of free-liv‐
ing cyanobacteria are favoured in tropical regions and inoculation of paddy fields with
cyanobacteria is traditionally applied in most of the Asian countries. Besides rice, other crop
plants like vegetables, wheat, sorghum, maize, cotton, sugarcane, etc. also respond to cyano‐
bacterial biofertilizer (Abd-Alla and Issa, 1994; Abd-Alla et al., 1994). In sub-tropical regions
Azolla, a fern within the leaf cavity of which is found the heterocystous cyanobacterium-
Anabaena azollae, is the traditional biofertilizer (Kimura, 2000; Kirk, 2004)

Biological nitrogen fixation, and specifically the nitrogenase enzyme, is notorious for its sen‐
sitivity to molecular oxygen. Moreover, high oxygen stress causes proteolysis of nitrogenase
subunits (Durner et al., 1996), suppresses nitrogenase synthesis, and leads to a shortage of
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respiratory substrates and reductants necessary for nitrogen fixation and assimilation (Gal‐
lon, 1992). Inhibitory effects of moderate levels of oxygen, or short exposure times, in vivo
may be reversed, leading to an increase in nitrogen fixation rates (Yakunin et al., 2001) and,
in some diazotrophs, post-translational modification of the Fe protein from an inactive to ac‐
tive form (Zehr et al., 1993). Furthermore, diazotrophic cyanobacteria, which provide the
bulk of fixed nitrogen to the surface oceans, are the only diazotrophs that actively produce
oxygen via photosynthesis and must contend with further restrictions on the nitrogen (Ber‐
man-Frank etal., 2003). Thus, nitrogenase in the real-world operates at only a fraction of its
potential activity, yet is a major elemental taxation on diazotrophic cyanobacteria both for
scarce trace elements, such as iron, and in the costs of protein synthesis. These taxes have, in
turn, led to a global limitation of fixed nitrogen in the oceans (Falkowski, 1997). In addition
to contributing nitrogen, cyanobacteria benefit crop plants also by producing various
growth promoting substances, like gibberellins, auxins like indole-3-acetic acid, indole-3-
propionic acid, etc., vitamin B12, free amino acids like serine, arginine, glycine, aspartic acid,
threonine, glutamic acid, etc., extra- and intra-cellular polysaccharides like xylose, galactose,
fructose, etc. Such substances have several beneficial effects like improved soil structure,
stimulation of growth of crop plants as well as useful bacteria, chelation of heavy metals (El-
Enany and Issa, 2000). Cyanobacteria are primary colonizers and many have been shown to
possess the property of tricalcium phosphate solubilization. Abundantly available rock
phosphate, being insoluble, is unavailable to crop plants. Some of the cyanobacteria like,
Tolypothrix, Scytonema, Hapalosiphon, etc. have been reported to solubilize rock phosphate.

Unicellular group Unicellular strains growing on BG II medium without nitrogen (Aphanothece,Gloeothece,)

Anabaena group: Heterocystous strains with a thin sheath, without branching, do not form mucilaginous

colonies of definite shape (Anabaena,Nodularia, Cylindrosperinurn, Anabaenopsis etc.)

Nostoc group: Heterocystous strains with a thick sheath, without branching, forming mucilaginous colonies

of definite shape (Nostoc)

Aulosira group: Heterocystous strains with a thick sheath, usually without branching, do not form diffuse

colonies on agar medium (Aulosira)

Scytoneina group: Heterocystous strains with false branching, without polarity, forming velvet-like patches on

agar medium (Scytonema)

Calothrix group: Heterocystous strains with false branching, with polarity, forming velvet-like patches on agar

medium (Calothrix, Tolypotkrix, Hassalia)

Gloeofrichia group: Heterocystous strains, with polarity, forming mucilaginous colonies of definite shape

(Gloeotrichia, Rivularia)

Fischerella group: Heterocystous strains with true branching (Fischerella, Westiellopsis, Stigonerna)

a All features refer to strains grown from soil or water sample dilutionsplated on agarized BGII medium without nitro‐
gen.

Table 2. Table2. Definition of the taxa of N2-fixing cyanobacteria
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4. Nitrogenase

The enzyme complex nitrogenase (E.C.1.18.6.1) consists of a dimeric Fe-protein (the dini‐
trogenase reductase) functioning as an electron carrier to the tetrameric MoFe-protein (the
dinitrogenase)  which reduces  molecular  nitrogen to  ammonia.  Both enzymes are  highly
oxygen-sensitive.  The  intrinsically  anaerobic  character  of  the  nitrogenase  complex  re‐
quires special  adaptation in cyanobacteria which produce oxygen in a plant-type photo‐
synthesis.  Filamentous  heterocystous  cyanobacteria  provide  such  an  anaerobic
environment by creating a diffusion barrier  for  gases,  enhanced respiratory activity and
the lack of the oxygenic photosystem I1 (Scherer et al., 1988).Reductant supply of nitroge‐
nase via ferredoxin is provided by photosynthates transported from vegetative cells to the
heterocysts and ATP is generated by photosystem-l activity or oxidative phosphorylation
in the heterocysts (Stewart and Rowell, 1986). Under a light-dark regime most heterocys‐
tous strain described so far preferentially fix nitrogen in the light (Khamees et al.,  1987).
Natural  blooms  also,  dominated  by  heterocystous  cyanobacteria  exhibit  higher  nitroge‐
nase activity in the light than in the dark (Horne, 1979). The low activity of nitrogenase in
darkness was assigned to the inability  of  metabolism to sufficiently generate  reductants
under these  conditions (Ernst  and Bohme,  1984).  In  many respects  this  modification re‐
sembles the ADP-ribosylation of Fe-protein of nitrogenase observed in Rhodospirillaceae af‐
ter transfer from light to darkness or after addition of ammonia (Kanemoto and Ludden,
1984).Heterocysts have thick multilayered wall preventing the entry of oxygen, high rate
of  respiration  which  utilizes  the  defused  oxygen,  and they  lack  photosystem II  so  that
there is no photosynthetic evolution of oxygen. The scheme of a heterocyst with adjacent
vegetative  cells  is  shown below.  The  outer  and inner  layers  of  the  heterocyst  envelope
consist of polysaccharides and glycolipids, respectively. In this scheme the pore region is
not  drawn to  scale  and  shown enlarged  to  accommodate  metabolite  exchange  between
the cells. Cell wall and cell membranes are not drawn separately. Heterocysts import car‐
bohydrates from vegetative cells,  with glutamine moving in the opposite direction.  In a
cell-free system derived from heterocysts, the following substrates supported nitrogenase
activity:  glycogen,  maltose,  sucrose  (less  active),  glucose  and  fructose;  glucose  6-phos‐
phate (G6P) and other intermediates of the oxidative pentose-phosphate cycle (PPC), in‐
cluding  dihydroxyacetone  phosphate  (DAP),  glyceraldehyde  3-phosphate  (GAP)  and
fructose-1,6-bisphosphate  (FBP),  were  particularly  active.  Glycolytic  substrates,  such  as
phosphoenolpyruvate  (PEP)  and pyruvate  (Pyr)  were  inactive  or  inhibitory in  acetylene
reduction by the heterocyst extract. In the dark, reductant for nitrogen and oxygen is gen‐
erated  by  the  activity  of  the  oxidative  PPC  and  possibly  by  isocitrate  dehydrogenase.
NADPH thus formed donates electrons via ferredoxin: NADP reductase (FNR) to a heter‐
ocyst-specific ferredoxin (FdxH) and then to the two components of nitrogenase (Fe-pro‐
tein and FeMo-protein) as indicated. NAD(P)H and hydrogen are also electron donors to
the respiratory electron transport (RET) generating the necessary ATP for the nitrogenase
reaction. In the light, ATP is formed by cyclic photophosphorylation mediated by photo‐
system I (a PSI-dimer, as indicated). Ferredoxin could be also photoreduced by PSI at the
expense of hydrogen and NAD(P)H as electron donors (Figure 2). Wyatt and Silvey (1969)
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for the first time reported that non-heterocystous cyanobacteria have also the ability to fix
nitrogen in which all  the vegetative cells  contain nitrogenase but  due to  thepresence of
oxygen the enzyme gets inactivated. Nitrogen fixation in these organisms is light stimulat‐
ed process. Cyanobacteria fix nitrogen only under combined nitrogen deficient conditions
and  in  the  presence  of  combined  nitrogen  source  the  enzyme  nitrogenase  remains  re‐
pressed which, similar to oxygen effect, is a reversible inhibition. Inoculation of rice fields
with  cyanobacteria  reduces  the  nitrogen  losses  through  metabolization  of  the  applied
combined nitrogen forms. The metabolized combined nitrogen as well as the biologically
fixed nitrogen becomes available gradually through exudation and decomposition of these
algae. The nitrogen fixation by cyanobacteria depends upon the various biotic and abiotic
factors.  Nitrogenases are highly sensitive to oxygen and hydrogen production catalyzed
by the nitrogenase / hydrogenases can only function under anaerobic conditions because
of its extreme sensitivity to oxygen. Some cyanobacteria have solved this problem by de‐
veloping specialized thick walled cells known as heterocysts which maintain low oxygen
tension inside, thereby facilitating nitrogenase activity, which produces hydrogen during
N2  fixation (Issa 1995). A wide range of nitrogenase activity has been reported in cyano‐
bacteria (Table 3).

Name of the species Nitrogenase activity (nmol C2H4

mg dry

wt.-1 h-1)

Reference

Anabaena sp. Strain CA 0.17 Antal et al. 2005

Anabaena sp. Strain N9AR 0.13 Antal et al. 2005

Phormidium valderianum 2.2 Kiran, 2007

Nostoc calcicola 9.021 Bolton, 1996

Anabaena cylindrica 5.579 Bolton,1996

Anabaena oryzae 5.076 Bolton,1996

Nostoc commune 6.346 Anjana et al. 2012

Nostoc muscorum 8.5 Issa, 1995

Table 3. Nitrogenase activity of various cyanobacterial species

5. Effect of severe conditions on nitrogenase activity in non heterocystous
cyanobacteria

Cyanobacteria are oxygenic phototrophic microorganisms, usually living in aerobic and
oxygen-supersaturated environments (Stanier and Cohen-Bazire 1977). Many cyanobacteria,
filamentous as well as unicellular species, synthesize the enzyme nitrogenase and are able to
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fix molecular nitrogen (Stewart 1980). This phenomenon seems to be in contradiction with
the extreme sensitivity of nitrogenase towards molecular oxygen (Robson and Postgate
1980).Therefore, nitrogen-fixing cyanobacteria have developed mechanisms to protect nitro‐
genase from inactivation by oxygen. Thus far, these mechanisms are largely unknown. Pho‐
tosynthetic oxygenevolution and nitrogen fixation cannot occur simultaneouslyin one single
cell (Mitsui et al. 1986).Several filamentous cyanobacteria develop heterocysts.Heterocysts
are non-dividing cells which have lost thecapacity of oxygenic photosynthesis and which
contain theenzyme nitrogenase (Fay et al. 1968); hasorganisms thus have solved the problem
by spatial separation of the incompatible processes of oxygen evolution and nitrogen fixa‐
tion. In non-heterocystous filamentous and unicellular nitrogen-fixing cyanobacteria nitro‐
genase and photosynthesis apparently occur in the same cell. It has been suggested that in
such organisms nitrogen fixation is separated from oxygenic photosynthesis temporary (Stal
and Krumbein 1985a). When grown under light-dark cycles, non-heterocystous cyanobacte‐
ria show nitrogenase activity only during the dark period (Huang and Chow 1986). Howev‐
er, when cultures were synchronized or previously adapted to light-dark cycles, also in
continuous light a cyclic pattern of nitrogenase activity can be observed (Grobbelaar et al.
1986). The strategy by which non-heterocystous cyanobacteria protect nitrogenase from de‐
terioration by atmospheric and photosynthetic evolved oxygen, it has been shown fora vari‐
ety of non-heteroeystous cyanobacteria, that when grown underlight-dark cycles,
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ganisms are able to grow in continuous light at the expense of molecular nitrogen, showing
nitrogenase activity under such conditions. Using synchronized cultures of Synechococeus
sp., Mitsui et al. (1986) showed that N2-ase and oxygen evolution followed a reciprocal pat‐
tern, even in continuous light. They also showed that the capacity of oxygen evolution de‐
creased to virtually zero at the maximum of nitrogenase activity and in one case even
became negative (respiration exceeded possible oxygen production). These authors, howev‐
er, measured photosynthesis at far higher (more than 6 times) light intensity than applied
for growth and acetylene reduction. This phenomenon is most pronounced in continuous
light. However, this observation cannot be taken as evidence for the coexistence of N2-ase
and photosynthesis in one single cell. Weare and Benemann (1974) provided evidence that a
cyclic degradation and resynthesis of phycobiliprotein regulated photosynthetic activity.
When phycobiliprotein of the cell was low, oxygen evolution ceased and nitrogenase was
induced. On the other hand, Giani and Krumbein (1986) found that this phenomenon
strongly depended on light intensity. At low light intensity (500 lux or less) phycobiliprotein
was constant. From epifluorescence microscopy and microfluorimetry it was concluded that
under nitrogen-fixing conditions, the oxygenic photosystem was still intact. However, oxy‐
gen evolution was not measured and the possibility that photosynthesis was switched off
could not be excluded. In Oscillatoria, the phycobiliprotein content is lower in nitrogen-fix‐
ing cells than in nitrate grown cultures (Stal and Krumbein 1985b). This may result in a low‐
er activity of the photosynthetic apparatus. However, phycobiliprotein and total protein
remained constant during growth on N2. The question arises whether this is also the case in
the light (Maryan et al. 1986). Both in the dark and in the light a very high rate of respiration
was observed here. The nitrogenase activity in the light, however, was about six times the
dark maximum rate. Thus, light clearly stimulated nitrogenase activity. Therefore it was
concluded that, in the light, respiration more likely fulfilled a protection function than that it
provided energy for nitrogenase. In the dark, respiration provides both energy and a protec‐
tive role. Respiration of cyanobacteria in the light has been shown for several species and
the highest rates have been found in nitrogen-fixing species (Scherer and Böger 1982). How‐
ever, in none of these organisms, respiration exceeded photosynthesis.

Trichodesmium spp. is non-heterocystous cyanobacteria found in tropical and subtropical
seas which are important in mediating a flux of reduced nitrogen from the atmosphere to
the ocean. The organism fixes nitrogen when grown with N2 as the sole inorganic nitrogen
source (Ohki and Fujita 1988). The nitrogen-fixing system of this algae is regulated at two
levels: (1) the synthesis of enzyme is regulated at a transcriptional or post-transcriptional
level by the presence of urea, and (2) the activity of the Fe protein is correlated with a shift
in electrophoretic mobility, which is believed to be a post-translational modification (Ernst
et al. 1990a, b). Trichodesmium lacks both akinetes and heterocystsand shows no ability to
produce hormogonia. Trichodesmium has therefore been classified as anundifferentiated fila‐
mentous cyanobacterium exclusivelycomposed of photosynthetic vegetative cells, defined
as cyanobacteria group III (Rippka etal. 1979). However, it is now becoming increasingly
evidentthat Trichodesmium is differentiated, secludingthe nitrogen-fixing enzyme nitroge‐
nase into a low number of cells (Fredrikssonand Bergman 1995). Trichodesmium istherefore
the first detected non-heterocystous cyanobacterium with cells specialised for nitrogen fixa‐
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tion. Cyanobacteria develop specialised nitrogen-fixing cells in order to solve their problem
of managing theco-existence of oxygen labile nitrogen fixation andoxygen producing photo‐
synthesis (Fay 1992, Gallon1992). Heterocysts provide the ability to perform aerobic nitro‐
gen fixation through the exclusion of atmosphericoxygen and oxygenic photosynthesis.
Trichodesmium practises a different, hitherto unknown typeof specialisation to accommodate
the oxygen sensitive nitrogenase (Fredriksson and Bergman 1995). The present study further
characterises the nitrogenase containing cells in Trichodesmium by comparing theultrastruc‐
ture of these cells with those lacking nitrogenase. Indeed, nitrogenase-containing cells exhib‐
ited structural modifications indicative of additional changes in gene expression. The
functional implication of these changes is interesting considering Trichodesmium's unusual
ability to perform oxygenlabile nitrogen fixation under fully aerobic and oxygen producing
photosynthetic conditions withoutheterocyst formation (Saino and Hattori 1978). The differ‐
entiation of cells specialised for nitrogen fixation also questions the taxonomic affiliation of
Trichodesmium within cyanobacteria.

The crystal structure of the enzyme one can see that nitrogenase is multisubunit enzyme.
The FeMo protein is the site for N2 reduction. The other subunit is the Fe protein, encoded
by the highly conserved nifH gene used for sequencing and identification. The Fe protein
has a Fe4S4 complex where ATP is hydrolyzed, providing the necessary electrons to the Fe‐
Mo active site. Oxygen inhibition of the enzyme occurs in this subunit where the molecule
can interact with the Fe4S4 complex (see Figure 3). Conversion of N2 to ammonia is no easy
process; Schindelin et al. (1997) concluded that once ATP binds, the Fe protein goes through
a substantial conformational change in order to efficiently feed electrons to the FeMo redox
site. This site also goes through some reorientation, maximizing the energy put into the sys‐
tem. For every electron that is fed to the FeMo protein active site, two ATP are hydrolyzed.
The overall reaction formula is,

N2 + 8 H+ + 8 e− + 16 ATP → 2NH3 + H2 + 16 ADP + 16 Pi.

Nitrogen assimilation in natural populations of Trichodesmium spp. proceeds via the gluta‐
mine synthetase/glutamate synthase (GS/GOGAT) pathway. GS is necessary for NH4 assimi‐
lation regardless of the primary form of N being used. High rates of GS transferase activity
relative to rates of total Nuptake have been observed in natural and cultured populations of
Trichodesmium spp. (Mulholland et al., 1999; Mulholland and Capone, 1999). Rates of both
GS transferaseand GS biosynthetic activity (which approximates in vivo forward reaction ac‐
tivity) in Trichodesmium spp. increase in the afternoon during the period when rates of N2

fixation are highest. The ratio of GS transferase:biosynthetic activity decreases during the
period of maximum N2 fixation, indicating that the proportion of the GS poolthat is biosyn‐
thetically active increases during the day. The biosynthetic capacity of GS is sufficient to al‐
low Trichodesmiumspp. Colonies to turnover their cell N at least three times per day,
suggesting that N assimilation does not limit the rate of N utilization by cells, even during
midday when N2 fixation rates are highest. Cells appear to have sufficient capacity to assim‐
ilate all of theintracellular N substrates derived from N2 fixation and N uptake incultures
growing on media with or without added N (Mulholland et al., 1999). Excess GS activity is
characteristic of cells limited by N orusing N2 as their N source. A positive correlation be‐
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tween GS andnitrogenase enzyme abundance and distribution has been observedin a varie‐
ty of heterocystous and non-heterocystous cyanobacteria including Trichodesmium spp.
Thus, there might be both a constitutive pool of GS, regulated for the general assimilation of
N derived from various N sources, and a nitrogenase-linked pool co-regulated specifically
with nitrogenase under low N conditions. Both regulatory mechanisms appear to be impor‐
tant. A global N-regulating gene, ntcA, has been identified in a Trichodesmium spp. isolated
from the Red Sea.

6. Symbiotic cyanobacteria

Symbiotically competent cyanobacteria have some excellent features that make them partic‐
ularly significant in any attempt to extend the list of N2-fixing symbioses to include plants of
commercial interest, such as cereals. Unlikerhizobia, most symbiotic cyanobacteria carry
their own mechanism for protecting nitrogenase from inactivation by oxygen (heterocysts).
Cyanobacteria have anunmatched host range (fungi sponges, protists and angiosperms), are
not restricted to roots but may form symbiosis withvarious plant parts, and do not need to
be located intracellularly within the host plant (Adams et al., 2006; Bergman et al., 2007). Cy‐
anobionts generally supply their hosts with fixed nitrogen, although they can also provide
fixed carbon to non-photosynthetic hosts. The major plant hosts are bryophytes, cycads, the

Figure 3. The structure of nitrogenase
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angiosperm Gunnera, the water-fern Azolla, and fungi (to form lichens). Although all cyano‐
bacteria are photoautotrophs, many are also facultative heterotrophs and so are not restrict‐
ed to the areas of the plant that receive light, and can be found in roots, stems, leaves, and
thalli. This review will concentrate on the cyanobacteria–bryophyte symbioses, focusing in
particular on the importance of pili and gliding motility in plant infection (Meeks 2003).
Plant cyanobionts all have two major characteristics in common: (i) the ability to differenti‐
ate both specialized nitrogen-fixing cells known as heterocysts (Zhang et al., 2006) and (ii)
short, motile filaments known as hormogonia, which lack heterocysts and provide a means
of dispersal for otherwise immotile cyanobacteria (Meeks, 1990,1998). Heterocysts usually
occur singly in a semi-regular spacing within filaments of vegetative cells (Golden and
Yoon, 2003; Zhang et al., 2006). The infective agents in most plant symbioses are hormogo‐
nia and some, perhaps all, plants produce chemical signals that trigger their formation and
chemoattractants that guide them into the plant tissue (Figure 4). The plant cyanobionts are
members of the genus Nostoc, which is commonly found free-living in nature (Dodds et al.,
1995; Rai et al., 2002). However, in the laboratory, other hormogonium-developing cyano‐
bacterial genera, such as Calothrix and Chlorogloeopsis, may infect liverworts (West and
Adams, 1997). Members of the genus Nostoc are primarily non-motile, but a characteristic of
the genus is the ability to produce specialized motile filaments known as hormogonia which
serve as a means of dispersal as well as plant infection (Meeks and Elhai, 2002). Hormogonia
development is triggered by a variety of environmental factors, including plant-derived
chemical signals. The development of hormogonia in heterocystous cyanobacteria results
from a round of rapid, synchronous cell divisions which result in a decrease in cell size
(Meeks and Elhai, 2002). This is followed by fragmentation of the filament at the heterocyst–
vegetative cell junctions, releasing short, motile hormogonia. Hormogonia lack heterocysts
and are a temporary stage in the Nostoc life-cycle, soon returning to vegetative growth and
developing heterocysts once more. For hormogonia to locate the symbiotic tissue of a plant
host they must attach to the surface and both extracellular polysaccharides and pili (fim‐
briae) are thought to play a role in this process (Adams, 2000). Type IV pili are required for
gliding in some unicellular cyanobacteria (Bhaya, 2004), and the cell surface of hormogonia
of the symbiotically competent Nostoc punctiforme is covered with pili (Duggan et al., 2007).
Plant hosts increase the likelihood of infection by cyanobacteria by both stimulating the for‐
mation of hormogonia in potential cyanobionts and by guiding the hormogonia to the sym‐
biotic tissues by chemotaxis. Hormogonia formation is stimulated by hormogonia-inducing
factors (HIFs). HIF production has been found in the hornwort Anthoceros punctatus (Meeks,
2003), as well as cycads and the angiosperm Gunnera (Rasmussen et al., 1994; Ow et al., 1999).
Anthoceros punctatus HIF is a small, heat-labile product released by the hornwort when
starved of combined nitrogen (Meeks and Elhai, 2002; Meeks, 2003). The liverwort Blasia al‐
so releases HIF when nitrogen-starved (Adams, 2002). Nostoc punctiforme mutants with in‐
creased sensitivity to Anthoceros HIF, also show a greater initial frequency of infection of the
hornwort than the wild type (Cohen and Meeks, 1997).

The infection of hornworts via  the stomata-like opening to the slime cavity has interest‐
ing parallels  with the likely method of entry of cyanobacteria into the primitive,  extinct
land plant Aglaophyton major.  This symbiosis is only known from fossil  evidence, but an
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Archaeothrix-type filamentous cyanobacterium is thought to have entered the plant via sto‐
matal  pores  (Taylor  and  Krings,  2005).  The  cyanobacteria  are  thought  to  have  initially
colonized the substomatal chambers and then spread throughout the outer cortical tissue,
where they can be seen in fossil specimens of the plant. This is somewhat similar to the
infection process  in  the  extant  hornwort  Leiosporoceros  dussii  in  which the  cyanobacteria
are found in mucilage-filled ‘canals’ (Villarreal et al., 2005; Villarreal and Renzaglia, 2006).
Once the cyanobacterium has entered the host plant a number of morphological, develop‐
mental,  and physiological  changes  occur.  The development  of  hormogonia  is  repressed,
whereas the development of heterocysts is greatly stimulated. The rate of cell division is
reduced,  ensuring that  the cyanobiont does not outgrow the host.  The rate of  CO2  fixa‐
tion is greatly reduced, whereas nitrogen fixation is stimulated and ammonium assimila‐
tion down-regulated (Figure 5).

The nitrogen fixation rates for cyanobacteria symbiotically associated with bryophytes are
several-fold higher than for the same free-living cyanobacteria.  This increase is due to a
greatly elevated heterocyst frequency, which may be 6–10-fold higher than in the free-liv‐
ing state (As little as 20% of the nitrogen fixed is retained by the cyanobiont, the remain‐
der being transferred as ammonia to the host (Meeks and Elhai, 2002). The primary route
of ammonia assimilation in cyanobacteria is the GS-GOGAT (glutamine synthetase–gluta‐
mate synthase) pathway. The level of GS protein in Anthoceros-associated Noctoc is similar
to  that  in  free-living  cyanobacteria,  but  GS activity  is  reduced implying  that  activity  is
regulated  by  an  unknown,  and presumably  plant-regulated,  post-translational  modifica‐
tion of the enzyme.

Close examination of an Azolla leaf reveals that it consists of a thick, greenish (or reddish)
dorsal (upper) lobe and a thinner, translucent ventral (lower) lobe emersed in the water. It is

Figure 4. The partners in the Azolla symbiosis. A) Fronds of the Azolla filiculoides Lam. plant. B) Close up of an Azolla
branch showing the apex and the alternating ‘stacked’ dorsal leaves, each containing a cavity in which the cyanobiont
(NoAz) filaments reside. C), D), E) Light micrograph of the cyanobiont. Pairs of megasporocarps (blue) develop at the
underside of the cyanobacterial colonized Azolla leaves. Filaments of the motile cyanobacterial cell stage (red), the
hormogonia (h), are attracted to the sporocarps, gather at the base and subsequently move towards the tip, before
entering the sporocarps via channels (white arrows). Once inside the sporocarp the hormogonia differentiate into in‐
dividual thick walled resting spores (or akinetes; ak), seen as the intensively red fluorescing small inoculum on top of
the megaspores (sp). (Ran et al., 2010)
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the upper lobe that has an ovoid central cavity, the "living quarters" for filaments of Anabae‐
na. Probably the easiest way to observe Anabaena is to remove a dorsal leaf lobe and place it
on a clean slide glass with a drop of water. Then apply a cover slip with sufficient pressure
to mash the leaf fragment. Under 400X magnification the filaments of Anabaena with larger,
oval heterocysts should be visible around the crushed fern leaf. The thick-walled heterocysts
often appear more transparent and have distinctive "polar nodules'' at each end of the cell.
The "polar nodules" may be the same composition as cyanophycin granules (co-polymer of
arginine and aspartic acid). Cyanophycin granules occur in many cyanobacteria and may
serve as a nitrogen storage product.

Although Azolla can absorb nitrates from the water, it can also absorb ammonia secreted by
Anabaena within the leaf cavities. Rice is the single most important source of food for peo‐
ple and Azolla plays a very important role in rice production. For centuries Azolla and its
nitrogen-fixing partner, Anabaena, have been used as "green manure" in China and other
Asian countries to fertilize rice paddies and increase production. Republic of China has 3.2
million acres of rice paddies planted with Azolla. This provides at least 100,000 tons of nitro‐
gen fertilizer per year worth more than $50 million annually. Extensive propagation re‐
search is being conducted in China to produce new varieties of Azolla that will flourish
under different climatic and seasonal conditions. According to some reports, Azolla can in‐
crease rice yields as much as 158 percent per year. Rice can be grown year after year, several
crops a year, with little or no decline in productivity; hence no rotation of crops is necessary.
In addition to nitrogen fixation, Azolla has a number of other uses. Several California aqua‐
farms grow Azolla in large vats of circulating fresh water. Apparently fish and shrimp relish
the Azolla. In fact, Azolla was grown for fish food and water purification at the Biospere II
project in Arizona (a 2.5 acre glass enclosure simulating an outer space greenhouse). Fresh
Azolla and duckweed (Wolffia) can also be used in salads and sandwiches, just as alfalfa
and bean sprouts are used. Dried, powdered Wolffia and Azolla make a nutritious, high
protein powder similar to the popular alga (cyanobacterium) Spirulina that is sold in natural
food stores. Azolla has also proved useful in the biological control of mosquitos.The mos‐
quito larvae are unable to come up for air because of the dense layer of Azolla on the water
surface. Azolla grows very quickly in ponds and buckets, and in makes an excellent fertiliz‐
er (green manure) and garden mulch.

7. Future challenges—Prospects

The nitrogen cycle of Earth is one of the most critical yet poorly understood biogeochemical
cycles. Current estimates of global N2 fixation are approximately 240 Tg N y−1 with a marine
contribution of 100–190 Tg N y−1. Of this, a single non-heterocystous genus, Trichodesmium
sp. contributes approximately100 Tg N y−1 (Capone pers. comm.). Geochemical evidence
suggests that, on a global scale, nitrogen fixation does not always keep pace with denitrifica‐
tion on time scales of centuries to millenia (Falkowski and Raven, 1997), yet it remains un‐
clear what process (es) limits nitrogen fixation in the oceans. More importantly, given the
potential for heterocystous cyanobacteria to outcompete organisms such as Trichodesmium, it
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quito larvae are unable to come up for air because of the dense layer of Azolla on the water
surface. Azolla grows very quickly in ponds and buckets, and in makes an excellent fertiliz‐
er (green manure) and garden mulch.

7. Future challenges—Prospects

The nitrogen cycle of Earth is one of the most critical yet poorly understood biogeochemical
cycles. Current estimates of global N2 fixation are approximately 240 Tg N y−1 with a marine
contribution of 100–190 Tg N y−1. Of this, a single non-heterocystous genus, Trichodesmium
sp. contributes approximately100 Tg N y−1 (Capone pers. comm.). Geochemical evidence
suggests that, on a global scale, nitrogen fixation does not always keep pace with denitrifica‐
tion on time scales of centuries to millenia (Falkowski and Raven, 1997), yet it remains un‐
clear what process (es) limits nitrogen fixation in the oceans. More importantly, given the
potential for heterocystous cyanobacteria to outcompete organisms such as Trichodesmium, it
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is unclear why the apparent tempo of evolution of marine diazotrophic cyanobacteria is so
slow. Diazotrophic cyanobacteria have effectively become the “gate keepers” of oceanic pro‐
ductivity, yet despite the rapid radiation of eukaryotic oxygenic photoautotrophs through‐
out the Phanaerozoic eon marine cyanobacteria seem like living fossils (Berman-Frank et al.,
2003). Finally, some Questions needs answering, Are there N2-fixing picoplankton? What
limits the growth of N2-fixing microorganisms in the open ocean? Is N2 fixation associated
with zooplankton?

The left cell represents a vegetative cell while the right a nitrogen-fixing heterocyst. Red color indicates pseudogenes
lacking functional counterpart in the No Azgenome. Orange indicates pseudogenes where a functional counterpart is
present elsewhere in the genome. Fully functional gene(s) are illustrated (blue) only if their function is linked to other
processes in the figure.The localization of pathways in vegetative cells or heterocysts is representative only for nitro‐
gen fixation (heterocysts) and PSII activity(vegetative cells).Note that only amin or part of the nitrogen fixed in hetero‐
cysts is incorporate dusing the GS-GOGAT pathway and used for synthesis of amino acids,while most is exported to
the plant as NH3.Sugar is provided by the plant via the sugar phosphotransferase system (PTS). Function has been lost
int he glycolyticpathway as the pfkA gene, encoding 6-phosphofructokinase, is a pseudogeneand sugar metabolism in
the Azolla cyanobiont probably proceeds via the Oxidative Pentose Phosphate Pathway (OPPP). Extensive loss of func‐
tion is evident among genes involved in uptake and transport of nutrients and NoAzhas lost the capacity to both im‐
port and metabolise alternative nitrogen sources, (Ran et al., 2010).

Figure 5. Schematic illustration of important metabolic and geneticin formation pathways in NoAz.
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1. Introduction

1.1. Biological nitrogen fixation by endophytic diazotrophic bacteria

Nitrogen (N) is a major essential element for all organisms, and generally the amount of
available N (mainly inorganic nitrogen such as nitrate or ammonia) in soil is limiting factor
for natural and agricultural plant production [40]. Biological nitrogen fixation (BNF) is a
process by which atmospheric dinitrogen (N2) is reduced into 2 molecules of ammonia (NH3)
by the enzyme nitrogenase with 8H+, 8e- and 16 Mg ATP. BNF have important role in N cycle
in both global ecosystem and agro-ecosystem. Based on the data compiled by Bezdicek and
Kennedy in 1988 [11], about 175 million metric tons of nitrogen per year is estimated to be fixed
in global ecosystems, in which 90 million metric tones in agricultural land, 50 million metric
tones in forest and non-agricultural land, and 35 million metric tones in sea. At that time, non-
biological nitrogen fixation was estimated about 50 million metric tones per year by industrial
nitrogen fixation mainly for the synthesis of ammonia fertilizer, and about 20 million metric
tones by combustion, and about 10 million metric tones by lightening. In 2009, the production
of N fertilizers increased to 106 million metric tones (FAOSTAT), but the amount of BNF still
exceeds over non-biological nitrogen fixation.

Historically, the first experimental data to show the BNF by legumes was obtained by
Boussingault (from [24]). He began crop rotation experiment including clover (legumes) in
1837, and the result clearly indicated the increase in nitrogen content was associated with
cultivation of clover. Hellriegel and Wilfarth demonstrated the bacterial nitrogen fixation in

© 2014 Ohyama et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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association with legumes in 1888 (from [24]). Beijerinck isolated and cultivated the bacteria
from legume nodules, and then he succeeded to inoculate the isolated bacteria to the uninfected
host legume plant. In 1893, Winogradsky found that the free-living strictly anaerobic bacteri‐
um, Clostridium pasteurianum, could fix N2 (from [24]). Beijerinck showed that the aerobic
bacteria, Azotobacter agilis and A. chroococcum, could also fix N2. Now a vast genus of bacteria
(Green sulfur bacteria, Thallobacteria, Heliobacteria, Cynobacteria, Campylobacter, Proteo‐
bacteria), and Archaea can fix N2 [56].

Several types of nitrogen fixing bacteria are recognized. First is “symbiotic bacteria”, such as
Rhizobium, associated with leguminous plants, and frankia or cyanobacteria with non-legume
plants. The second type is “free-living” (non-symbiotic) bacteria, including the cyanobacteria
(or blue-green algae) Anabaena and Nostoc and such genera as Azotobacter, Beijerinckia, and
Clostridium living in soil or water. The third type resides around the plant roots (rhizosphere)
and provides fixed nitrogen to the plant. This is called “associative nitrogen fixation”. Fourth
is “endophytic nitrogen fixation” associated with cereal grasses such as sugarcane.

2. Characteristics of sugarcane

Sugarcane (Saccharum spp. hybrid) is a tall, perennial grass (family Poaceae, subfamily
Panicoide), and is cultivated in tropical and warm-temperate regions between 35°N and 35°S
and from sea level to altitudes of 1,000 m in a wide variety of soil types [47]. Most of commercial
sugarcane varieties are hybrids with Saccharum officinarum [1]. The optimal temperature for
sugarcane cultivation is between 20 and 35 oC and the minimum rainfall requirement is
1,200mm per year [1]. The stalks (stems) of sugarcane are harvested at 9 to 18 months after
planting the mother stem cutting (setts). Once planted, sugarcane can be harvested several
times, because new stalks, called ratoons, repeatedly grow from the stubble. For many years,
sugarcane has been used for sugar and an alcoholic drink production. Recently, the use of
sugarcane alcohol (ethanol) as an automotive fuel to replace gasoline has rapidly increased [16,
35]. At the moment, sugarcane is the most economically and environmentally advantageous
crop for bio-ethanol production.

In 2011, world production of sugarcane was 1,794 million tons (FAOSTAT). This is much
greater than for the other major crops such as maize (883 million tons), paddy rice (723 million
tons), wheat (704 million tons) and potatoes (374 million tons). Sugarcane production is highest
in Brazil (734 million tons), followed by India (342 million tons), and China (115 million tons).
In 2011, sugarcane was cropped over an area of 25 million hectares. Sugarcane is a C4 plant,
which has an efficient photosynthetic system, and it can convert up to 2% of incident solar
energy into biomass. In 2011, the average yield was 70.5 tons per hectare. It grows up to 2-6 m
in height (Figure 1) and the thick stalks (stems) store a high concentration of sucrose accumu‐
lated in stalk internodes, and the expressed stalk juice contains sucrose concentration at
between 12 and 20% (W/V).
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Figure 1. Growth of sugarcane (left), and sugarcane mother stalk for planting (right).

3. Contribution of biological nitrogen fixation in sugarcane cultivation

In Brazil, sugarcane crops accumulate N between 100 and 200 kg N per hectare per year, while
N fertilization rates are relatively low, usually less than 60 kg N per hectare [47]. Also, the
response of sugarcane crops to N fertilizers is usually very weak [12,47]. The use of low N
fertilizer input was justified by the results of 135 field experiments in all of main cane-growing
areas of Brazil, with only 19% of the studies showing a significant increase in yield owing to
the application of N fertilizer [6]. In some sites of Brazil, sugarcane has been grown continu‐
ously for more than 100 years without any N fertilizer being applied at all [20]. This circum‐
stantial evidence suggests a high potential for BNF in sugarcane.

4. Estimation of contribution of biological nitrogen fixation by 15N dilution
technique and 15N natural abundance method

Using a 15N dilution technique involving the supply of a 15N-labeled fertilizer, Lima et al. [33]
evaluated the contribution of BNF in four sugarcane varieties planted in large-size pots and
concrete tanks. The result showed that 40-60% of plant N was derived from BNF in the variety
CB 47-89. Urquiaga et al. [54] also calculated the contribution of BNF in several cultivars of
sugarcane, and found it to be about 70% for the most promising genotypes. Again, using the
15N natural-abundance method, Boddey et al. [13] showed that 25-60% of the N assimilated in
sugarcane at various sites in Brazil was derived from BNF. The analysis showed very large
BNF-inputs to several sugarcane varieties, especially the wild non-commercial species
Krakatau (S. spontaneum) used in plant breeding in Brazil, as well as the commercial varieties
SP 70-1143 and CB 45-3 in low-fertility soils. Yoneyama et al. [57] examined the contribution
of BNF using a 15N natural-abundance method in Brazil, the Philippines and Japan, comparing
the abundance of 15N in sugarcane with that in neighboring weeds as control plants. At many
but not in all of the sites in Brazil, a contribution from BNF was indicated.
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Asis et al. [5] estimated the contribution of nitrogen fixation of Japanese sugarcane cultivar
NiF8 by 15N dilution and natural 15N abundance techniques, and total %Ndfa (percentage of
N derived from atmospheric dinitrogen) was estimated to be 27-38%. They also reported that
the estimated the %Ndfa was 26% for the roots, 14.1% for the stem and 20.5% for the leaves.
Nishiguchi et al. [38] estimated the contribution of BNF using the 15N dilution in Japanese
varieties of sugarcane, and found that the percentage between 10% and 40% of sugarcane N
was derived from BNF depending on the cultivar and also on the availability of mineral N.

In Niigata, a pot experiment was conducted to estimate the contribution of nitrogen fixation
in sugarcane (Saccharum spp. var. NiF8) plants using 15N dilution method in relation to N
supply period [26]. Sugarcane plants were grown from a cut stalk in water for 20 days (Figure
1) and a young shoot was transplanted to the 1/5000 a Wagner pot filled with vermiculite.
Three fertilizer treatments were applied; 1) N0: Nitrogen free culture solution was supplied,
2) N100: 15N labeled ammonium sulfate was continuously supplied at the rate of 100 mgN per
pot a week, 3) N100N0: 15N labeled ammonium sulfate was supplied at the rate of 100 mgN
per pot a week until 6 weeks after transplanting (WAT), then the plants were cultivated with
N free solution. The growth of the plants was measured every week, and plants were harvested
at 12 WAT and 20 WAT. Total N content and 15N abundance in each part were determined.

Figure 2 shows the changes in the shoot length and leaf number of each treatment for 12 weeks
after transplanting (WAT). The N0 plants grew very poor, and sole nitrogen fixation is not
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Figure 3 shows the amount of N derived from three sources of N; Ndfa (N derived from
nitrogen fixation), Ndfs (N derived from a mother stalk), and NDff (N derived from fertilizer).
The amount of Ndfa in N100 and N100N0 was 87 mgN (21%Ndfa) and 48 mgN (17%Ndfa)
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mgN (20%Ndfa) in N100N0 treatment. Among organs, the estimated %Ndfa tended to be
higher in old leaves and stalk, and lower in green leaves and stems (Table 1). From this
experiment, the continuous supply of N fertilizer did not inhibit nitrogen fixation in sugarcane
compared with N deficient plants.Table 1.   Percentage of nitrogen derived from fertilizer (%Ndff), from stalk 

(%NDfs), and  atmospheric nitrogen (%Ndfa) at 12 WAT and 20WAT.

12WAT
Percentage of Nitrogen 

(%) 20WAT
Percentage of Nitrogen 

(%)
N dff Ndfs Ndfa N dff Ndfs Ndfa

Green 
Leaves N100N0 66 21 13

Green 
Leaves N100N0 62 20 18

N100 73 10 17 N100 74 10 16

Old Leaves N100N0 43 22 35 Old Leaves N100N0 52 21 28
N100 39 10 51 N100 65 10 25

Stem N100N0 68 22 10 Stem N100N0 66 21 13
N100 80 8 12 N100 81 10 10

Stalk N100N0 39 22 39 Stalk N100N0 34 30 35
N100 43 9 48 N100 66 9 24

Root N100N0 57 21 21 Root N100N0 55 19 26
N100 60 9 31 N100 74 10 15

Total N100N0 62 21 17 Total N100N0 59 21 20
N100 70 9 21 N100 75 10 15

Table 1. Percentage of nitrogen derived from fertilizer (%Ndff), from stalk (%NDfs), and atmospheric nitrogen
(%Ndfa) at 12 WAT and 20WAT.

    A                                                                                      B 

Figure 3. Nitrogen content in sugarcane plants at 12 WAP (A) and 20WAP (B).
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5. 15N2 fixation studies in sugarcane

Both 15N dilution method and 15N natural-abundance method are indirect methods for
estimating nitrogen fixation. Direct evidence can be obtained by 15N2 tracer experiment. In
earlier studies, Ruschel et al. [48] exposed soil-grown 60 or 90-day-old sugarcane plants to 15N2

under a low oxygen (O2) concentration (2%), and near normal O2 concentration (16%).
Significant incorporation of 15N was detected in roots and shoots of intact plants only under
the lower O2 concentration (2%). In addition, the detached roots fixed 15N2 under 2% O2, but
15N2 fixation was not detected in the detached shoots. Based on these results, they suggested
that the site of fixation is within the roots and not in the shoots but that the fixed N is rapidly
translocated to the shoot within 40 hours. Again working with sugarcane, Sevilla et al. [50]
compared plants inoculated with wild-type Acetobacter diazotrophicus strain PA15, with plants
inoculated with a Nif - mutant of PA15, and with un-inoculated (sterile) plants. Fixation of 15N2

was observed only in the shoots and roots of the plants inoculated with the wild-type Nif +

PA15.

Figure 4. Exposure of a sugarcane plant to 15N2. (Left) 15N2 gas is introduced to the cylinder displacing the nutrient
solution. (Right) The plant is exposed to 15N2 under controlled light and temperature conditions.

Momose et al. reported on the nitrogen fixation and translocation in young sugarcane plants
associated with endophytic nitrogen-fixing bacteria [36]. The tracer 15N2 was used to investi‐
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gate the sites of N2 fixation and the possible translocation of the fixed N. Young sugarcane
plants from a stem cutting were exposed to 15N2-labeled air in a 500 mL plastic cylinder
(Figure 4). After 3 days of 15N2 feeding, the percentage of N derived from 15N2 was higher in
the roots (2.22 %Ndfa) and stem cutting (0.271 % Ndfa) than the shoot (0.027% Ndfa) (Figure
5). At day-3, the stem cutting showed the highest quantity of fixed nitrogen per plant (about
38 µg15N), followed by the roots (13 µg15N) and shoots (2 µg15N). The large amount of 15N in
the stem cutting is due to the much greater N content of the cutting than young shoot and
roots in the young plants at this stage.

Figure 5. The fraction of 15N (expressed as a % of total N) fixed from 15N-labeled gas in the stem cutting, roots and
shoot of sugarcane plants after three days of exposure (average with standard deviation).

The plants exposed to 15N2 for 7 days were grown in normal air for a further chase period. After
21 days, about half of the N originating in the stem cutting had been transported to the shoot
and roots, suggesting that the cutting played a role in supplying N for the growth of shoot and
roots (Figure 7). Most of the fixed N was distributed in the 80 % ethanol-insoluble fractions in
each plant part, and the 15N fixed either in the roots or in the stem cutting remained there and
was not appreciably transported to the shoot (Figure 8). The results were quite different from
the fate of fixed N in soybean nodules, which is rapidly transported from nodules to roots and
shoots.

From the results obtained in this experiment with young sugarcane plants, it is confirmed that
the roots are the most active site of N2 fixation followed by the stem cutting. The sugarcane
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cuttings were initially cultured in water not in soil, so the N2-fixing endophytes in the roots
might originate from the stem cutting or root primordia. If this is the case, to support active
N2 fixation, nitrogen-fixing bacteria may move into the developing roots, and colonize the
intercellular space in the roots.

In an earlier study with NiF8 sugarcane using a 15N dilution technique [5], after 5 months of
cultivation in a pot supplied with 15N-labeled mineral fertilizer, it was estimated that the roots
contributed greater proportions of BNF (26%) than the stem (14%) and leaves (21%). Compared
with the stem and shoot, the roots offer certain advantages as sites of N2 fixation. These are
first that the host plant provides carbohydrates to the root endophytes, and second that oxygen
concentrations are usually lower in the roots and soil than in the atmosphere (pO2 0.21). Low
pO2 is beneficial to protect nitrogenase from oxygen damage, and for optimum nitrogen
fixation activity.

The fixation of nitrogen in stem cuttings of sugarcane is probably due to the activity of
endophytes. Because very young sugarcane plants were used in our experiments, the finding
of extremely limited N2 fixing activity in the shoots should not necessarily be taken to imply
an insignificant stem endophytic contribution to the N economies of mature field-grown
sugarcane plants. Many sugarcane endophytes (e.g. Gluconacetobacter diazotrophicus) are
adapted to high sucrose concentrations while our very young shoots did not have mature stems
that offered these conditions. However, there are some evidences that BNF in sugarcane stems

Figure 6. The mass of 15N (µg) in the stem cutting, roots and shoot of sugarcane plants exposed to 15N2 for three days
(average with standard deviation).
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are very low. Zakria et al. reported that 15N2 was exposed to matured sugarcane stem with
vaccum infiltiration, the 15N incorporation was not observed in non-inoculated stems [59].
Ando et al. [2] analyzed nifH genes, and they could not detect the nifH gene with G. diazotro‐
phicus.

The absence of any significant translocation of fixed 15N, most of it remaining in the 80%
ethanol-insoluble fraction, in young sugarcane plants supports the possibility that fixed N may
be used after the disintegration of dead endophytes, rather than being rapidly transported to
the host plant as in the case of soybean nodules [44, 45]. However, it does not mean that there
is no contribution of N2 fixation in the roots to shoot growth. When the N2-fixing bacteria in
the roots eventually die, the products of their decomposition may well contribute to the growth
of the roots and shoots of the plant. Even if this does not occur, then the N fixed in the roots
will at least contribute to soil fertility in the field after the natural processes of root turnover
and decomposition. Ando et al. [3] calculated N2 fixation rates, fertilizer efficiency and the
turnover of organic matter in sugarcane production in Thailand. Using the 15N natural-
abundance method, they estimated that the contribution of crop N2 fixation to the overall N
economy of many of the plantations was about 0-30%. Meanwhile, the contributions of N from

Figure 7. Changes with time in the fractional (%) distribution of total N (14N+15N) in the stem, roots and shoot of sug‐
arcane plants exposed to 15N2 for 7 days.
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applied mineral fertilizers were about 18-31%. This implies that N supplied from other soil-N
sources such as from decomposing crop organic matter is important for supporting the fertility
of the soil under sugarcane production.

6. Diazotrophic endophytes in sugarcane

As for the presence of N2-fixing bacteria in sugarcane, diazotrophic bacteria belonging to the
Beijerinckia genera have been found in large numbers in the rhizosphere (the soil volume
adjacent to, or within a few millimeters from the root surface) and in the rhizoplane (the
soil:root interface) of sugarcane [19]. Other diazotrophs, such as Bacillus, Azotobacter, Derxia,
Enterobacter, Erwinia, Klebsiella, and Azospirillum, have also been isolated from the sugarcane
rhizosphere [47]. In 1988, a new species of Acetobacter was found inside the sugarcane stem
and named Acetobacter diazotrophicus [15], though this was later renamed to Gluconacetobacter
diazotrophicus [55]. These microorganisms are called “endophytes” as they live inside host plant
tissues without eliciting any symptoms of disease [8]. Recently, Saito et al. [49] reported a broad

Figure 8. Changes with time in the fractional distribution (%) of 15N in the stem, roots and shoot of sugarcane plants
exposed to 15N2 for 7 days.
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distribution and phylogeny of anaerobic endophytes of cluster XIVa clostridia in various plant
species including the leaves, stems, stem cuttings and roots of sugarcane. The fixation of N2

by endophytic bacteria has also been suggested in other crops, eg. rice (Ozyza sativa) [34,58],
sweet potatoes (Ipomoea batatas L.) [51,1]. Recently, endophytic bacteria associated with
nitrogen fixation and indole acetic acid synthesis were identified in ornamental bulb flower,
curcuma (Curcuma alismatifolia Gagnep.) to promote plant growth, and the endophytes were
corresponded to Bacillus drentensis, Sphingomonas pseudosanguinis, and Bacillus methylotro‐
phics using 16S rDNA sequence analysis [53].

G. diazotrophicus is considered to be a major diazotrophic endophyte in sugarcane and has been
isolated from leaves, stems and roots of sugarcane plants collected from a number of sites in
Brazil and also in other countries [15]. G. diazotrophicus is clustered in the alpha subclass of
Proteobacteria, and Herbaspirillum seropedicae, Herbaspirullum rubrisubalbicans and Burkholde‐
ria sp, clustered in the beta subclass of the Proteobacteria [14,8]. Rhizobia, which are symbiotic
nitrogen fixing bacteria with legumes, survive as a free living state in soil after symbiotic state
in root nodules. Different from rhizobia, G. diazotrophicus does not survive free in the soil, and
it is thought that it is mainly transmitted in the course of vegetative propagation, which is
usually done from stem cuttings or ‘setts’ [46].

Recently, Ando et al. [2] detected the nifH gene sequences, encoding the homodimer Fe protein
of nitrogenase, in sugarcane stem and pineapple leaves to detect unculturable strains of
bacteria as well as culturable strains. Their result showed that the sequences of the nif H clones
were homologous to those of bacteria in the genera Bradyrhizobium, Seratia, and Kebsiella. On
the other hand, no nifH sequence related to G. diazotrophicus was detected in sugarcane. This
result indicates the absence or the presence of few G. diazotrophicus in the stems of the sugarcane
plants used in their study. The expression of nifH gene in the stems and roots of sugarcane
plants was investigated and the nifH RNA sequences similar to those of Bradyrhizobium sp. and
Azorhizobium caulinodans were detected [52]. The nifH expression of Bradyrhizobium sp. and
Rhizobium sp. in roots of field-grown Brazilian sugarcane was also found [23].

It is known that endophytic diazotrophic bacteria colonize in the vascular tissues or intercel‐
lular spaces and of sugarcane organs. For the presence of endophytic diazotrophs in sugarcane
juice, and Bellone and Bellone [9] concluded that in the mature region of the sugarcane stem
G. diazotrophicus grows more abundantly than H. seropedicae or Azospirillum brasilense. How‐
ever, the sites of colonization and the movement through xylem vessels of G. diazotrophicus
within sugarcane plants are controversial [20,21,28]. James et al. [28] reported that G. diazotro‐
phicus may reside in xylem of sugarcane stem, however, Dong et al. [21] pointed out that xylem
is not suitable habitat and the intercellular space appoplast is the probable location of the
bacteria.

Recently, complete genome sequence of the sugarcane nitrogen-fixing endophyte G. diazotro‐
phicus Pal5 was reported [10]. G. diazotrophicus Pal5 was the third diazotrophic endophytic
bacterium to be completely sequenced, followed by Azoarcus sp. strain BH72 [30] and Klebsiella
pneumoniae strain 342 [25]. Its genome is composed of a 3.9 Mb chromosome and 2 plasmids
of 16.6 and 38.8 Kb, respectively. 3,938 coding sequences are annotated and those are related
to the endophytic lifestyle such as nitrogen fixation, plant growth promotion, sugar metabo‐
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lism, transport systems, synthesis of auxin and the occurrence of bacteriocins [10]. Gene
clusters for gum-like polysaccharide biosynthesis, tad pilus, quorum sensing, for modulation
of plant growth by indole acetic acid and mechanisms involved in tolerance to acidic conditions
were identified and may be related to the sugarcane endophytic and plant-growth promoting
traits of G. diazotrophicus.

A broad proteomic description of G. diazotrophicus identified 583 proteins, and potential
metabolic pathways for nucleotides, amino acids, carbohydrates, lipids, cofactors and energy
production were described [31]. A differential protein expression analysis was carried out to
study G. diazotrophicus interaction with sugarcane [22].

The mechanisms for the association between sugarcane plants and diazotrophic endophytes
are as yet poorly understood.

De Carvalho et al. [18] reviewed sugarcane-endophytes association. Besides biological nitrogen
fixation, these endophytes exhibit growth promoting traits by mechanisms involving nutrient
solubilization, plant hormone production and pathogens antagonistic activity. Cavalcante et
al. [16] suggested that the ethylene signaling pathway may play a role in the establishment of
the association between sugarcane and endophytic diazotrophic bacteria.

7. Mechanism by which N is transferred to the host plant from endophytic
nitrogen-fixing bacteria

To promote sugarcane growth and high yield of sugar, the transport of N from diazotrophic
endophytes to the host plant is important in addition to the occurrence of high nitrogen fixation
activity. The mechanism by which N is transferred to the host sugarcane plant from N2-fixing
endophytes has not yet been fully elucidated. There are two possible ways for this transfer to
occur. The first is that living bacteria actively excrete fixed N into the apoplast of the host tissue
and the plant cells then absorb the released N compounds. This is an analogous to legume-
rhizobia symbiosis, in which fixed ammonia is rapidly excreted from bacteroid (a symbiotic
state of rhizobia) to cytosol of infected cells in soybean root nodules [45]. The second is that
bacteria proliferate and colonize in the host tissue and the fixed N is released to the host cells
only after their death and disintegration. No direct evidence has yet been obtained.

There is little direct evidence on how N2 fixed is supplied from endophyte to sugarcane plants.
When an amylolytic yeast was used to mimic the plant, G. diazotrophicus was capable to excrete
part of the fixed N into the medium [17]. There are also evidences that ammonium is the
product excreted by this bacterium under N2 fixation conditions [7]. Data obtained on
sugarcane EST expression analysis indicated that nitrogen metabolism was active in plants
colonized by diazotrophic endophytes [39]. It suggests that the sugarcane N assimilation
apparatus can play a role on the incorporation of the N compound released by the diazotrophic
bacteria during association [39].

The characteristics of nitrogen fixation and transport in endophytic bacteria isolated from
sugarcane stem were investigated [37]. The strains JA1 and JA2 were putatively identified as
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G. diazotrophicus [4]. The cultures of strain JA1 and JA2 in N free LGIP medium were exposed
to the 15N labeled air with different O2 concentrations using vacuum system (Figure 9). The
result showed 15N2 fixation activity and acetylene reduction activity (ARA) in both culture,
although optimum O2 concentration were different (Figure 10, 11). These activities in JA1 were
highest at 0.4% O2 on solid agar culture (Figure 10), and at 0% O2 in liquid culture (Figure
11). In both culture conditions, 15N2 fixation activity and ARA decreased with increasing O2

concentrations up to 20%.

 

Vacuum pump 

 

Digital manometer 

Syringe 

Test tube 

 

Figure 9. Vacuum system for exchanging the gas inside the test tubes.

The growth and ARA of the strain JA1 cultivated with liquid LGIP medium were measured
every day for 10 days (Figure12). Bacteria growth increased rapidly at day-1 after inoculation,
and continued to increase until day-6, then the increase was almost stopped thereafter. The
strain might regulate bacterial density, possibly by quorum sensing mechanism. The ARA
increased rapidly from day-1 to day-5, but it decreased rapidly after day-6. Very low ARA was
detected after day-7 to day-10.

This result suggests that nitrogen fixation is active only during early stage of proliferation of
JA1. After the bacterium growth stops, nitrogen fixation activity is inactivated. If the situation
is the same inside the sugarcane organs, the continuous proliferation should be essential to
keep nitrogen fixation activity of the diazotrophic endophyte.
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The N release mechanism from endophytes to sugarcane plant is very important to support N
nutrition for sugarcane growth. From the experiment with JA1 strain, 15N fixed during 24 hours
was mainly distributed in bacteria fraction and only a little portion (about 4%) was released

Figure 10
15N2 fixation activity (A) and acetylene reduction activity (B) of isolated strains from 
sugarcane endophytes cultivated on agar medium under various concentration of O2.
(average with standard deviation)
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The N release mechanism from endophytes to sugarcane plant is very important to support N
nutrition for sugarcane growth. From the experiment with JA1 strain, 15N fixed during 24 hours
was mainly distributed in bacteria fraction and only a little portion (about 4%) was released
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to the medium. However, at 10 days after one day feeding of 15N2, a significant portion of fixed
15N was distributed to the medium, especially the percentage of released 15N was highest at
40% under 20% O2 conditions (Figure 13). This result indicates that the cultured JA1 released
N after stopping growth and nitrogen fixation, possibly by their death and degradation.
Lethbridge and Davidson [32] suggested that endophytic bacteria only transferred fixed N to
the plant when they died and were eventually decomposed.

8. Conclusion

In our studies, a 15N2 tracer experiment was conducted to investigate the sites of N2 fixation
and the possible translocation of the fixed N in young sugarcane plants. Most active nitrogen
fixation was observed in the roots, followed by planted stalk. The young shoot showed very
little nitrogen fixation. Although many diazotrophic endophytic bacteria are reported in all
parts of sugarcane plants (Figure 14), the roots may be a principal part of nitrogen fixation.

The fixed 15N either in roots or stalk were not readily transported to the shoots. In addition,
the fixed N was mainly located in the 80% ethanol insoluble fractions, which contains high
molecular weight compounds such as protein. The isolated diazotrophic endophyte fixed 15N2

in N free liquid and solid cultures. They fixed 15N2 only during their active growth period, and
nitrogen fixation stopped thereafter. It is possible that the endophytic bacteria can fix N during
proliferation stage, and they will release N after their death and decomposition.
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Figure 14. Presence of major diazotrophic endophytes in sugarcane
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The translocation of fixed N is quite different from legume-rhizobia symbiosis. In soybean
nodules, N2 is fixed by bacteroids (N2-fixing rhizobia) in the infected cells and ammonia or
ammonium is readily excreted from bacteroid to the cytosol of the infected cells. On short-term
(5 min) exposure to 15N2, 97% of the fixed 15N in the 80% ethanol-soluble fraction, which contain
low molecular weight compounds such as amino acids, in the nodules was distributed in the
cytosol of the nodule plant cells, while only 3% remained within the bacteroids [44]. The
ammonium is then assimilated via the glutamine synthetase/glutamate synthase (GS/GOGAT)
system [41,43], and used mainly to produce ureides, allantoin and allantoic acids, and the
ureides are transported to the various plant organs via the xylem vessels [42,45].

Other than in Brazil, 150-250 kg of urea-N per hectare per year is usually applied to sugarcane,
the actual amount depending on soil fertility, on genotype and on target yield [29]. By
promoting BNF through endophytic or associative diazotrophs, the cost associated with N
fertilizer usage in sugarcane production can be reduced and environmental problems such as
NO3

- leaching or N2O gas emission, consequent upon the use of excessive chemical fertilizers,
can be avoided. Further research will be important for promoting more efficient N2 fixation
rates in sugarcane production.
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1. Introduction

Soybean (Glycine max [L.] Merr.) seeds contain a high concentration of protein and oil.
Therefore, soybean is an important source of protein and calories for humans and livestock
in the world. Although to cultivate soybean is in need of a large amount of nitrogen, soy‐
bean plants can form root nodules which are symbiotic organs with soil bacteria bradyrhizo‐
bia. The partner bradyrhizobia fix atmospheric nitrogen in nodules, and then the plants can
use the fixed nitrogen. So soybean plants can grow well even in the absence of soil nitrogen.
On the other hand, the plants give photosynthate to the bradyrhizobia. Substantial amounts
of photosynthate are required for nitrogen fixation activity in matured nodules. The forma‐
tion of excess nodules might be a disadvantage because of decreasing the carbon supply
each nodule. Therefore, the number of nodule is strictly regulated by the host soybean plant.
This system is referred to as the autoregulation of nodulation. The nodule growth of later
infection site is suppressed by the rapid response to the earlier rhizobial infection and subse‐
quent nodule initiation. In this chapter, we discuss the autoregulation of nodulation in soy‐
bean plants.

2. Research of autoregulation of nodulation in soybean plants

Using a split root technique, it was shown that nodule formation of the latter infected root
was systemically suppressed by a prior infected root [1]. Host plants systemically suppress
excess nodulation through communications between shoots and roots, by using unknown
signals [2]. It is postulated that when soybean root is infected with bradyrhizobia, infection
signal is synthesized in root and is transported toward shoot. And then shoot-derived autor‐
egulation signal is synthesized in shoot and is transported toward root. Differentiation of
nodule at later infected root is suppressed by the shoot-derived autoregulation signal.

© 2014 Tanabata and Ohyama; licensee InTech. This is a paper distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Several hypernodulation mutant lines of soybean were isolated using chemical mutagens
such as ethyl-methane-sulfonate (EMS) or N-nitroso-methyl-urea (NMU) since the 1980s; nts
lines (from cv. Bragg) [3], NOD lines (from cv. Williams) [4] and En6500 line (from cv. Enrei)
[5] were obtained. The mutant lines can form profuse nodulation in the presence or absence
of nitrate compared with their parents. These mutants are thought to lack a part of the au‐
toregulation of nodulation. Reciprocal grafting experiments between the hypernodulation
mutant and the wild type soybean showed that the hypernodulation phenotype depends on
the shoot [6], especially mature leaves [7, 8]. Hypernodulation mutant supplied a large
amount of photosynthate to the nodule than the roots [9]. The specific nitrogen-fixation ac‐
tivity and the concentration of leghemoglobin in hypernoduation mutant lines are lower
than in the parent line [10, 11, 12]. Therefore, it is reasonable that the number of nodules
should be regulated to be optimum by the host plant.

Autoregulatory response is induced during after nodule meristem formation but before
nodule emergence [13, 14], perhaps there are some suppressing points [2]. The control has
been proposed to operate 2-4 days after inoculation in soybean [15, 16]. About 7-8 days after
inoculation, nodules initially appear on roots, only which has not suppressed their growth
by shoot-derived autoregulation signal. These time course is a point in the study of autore‐
gulation of nodulation.

3. Photosynthate allocation and regulation of nodulation

One of the idea, plants might suppress the translocation of photosynthate to underground
part to control the excessive nodulation. It is shown that availability of photosynthate might
be involved in the control of nodule number, with approach grafting [17], and light en‐
hancement and CO2 enrichment study [18]. From the split root experiment, the inoculation
treatment of bradyrhizobia appeared to stimulate the allocation of photosynthate to the ino‐
culated root [19, 20]. However, photosynthate requirement during nodule initiation was not
known. In general, growth point has a strong localized sink activity of photosynthate, which
is the energy source as well as structural resources. So we investigated whether a require‐
ment of carbon source is increased or not in early stages of nodule formation. The early
stage of nodule formation (a period of 2-8 days after inoculation in this study) is important,
because autoregulation of nodulation is already activated in this period.

Current photosynthate allocation of soybean cv. Williams was conducted in relation to the
nodule initiation [21]. Whole shoots were exposed to 14CO2 for 120 min, and the distribution
of radioactivity in each organ was determined. During the early stage of nodule formation
(4, 6, 8 days after inoculation) the 14C distribution to the inoculated roots did not increase in
comparison with uninoculated control roots. 14C respired by underground parts was also
similar between the inoculated and control roots. Visualized Images of the distribution of
14C indicated that the shoot apex and root apex, which were growing point in above and un‐
derground parts, showed a high radioactivity, but the intense signals were not seen in the
expected nodulating parts of roots. These results indicate that current photosynthate allocat‐
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ed to the inoculated roots did not increase in comparison with uninoculated roots, in the
early stage of nodule formation.

After the emergence of nodules (10 and 12 days after inoculation), the inoculated roots grad‐
ually had priority of photosynthate allocation compared with the uninoculated control
roots. At 12 days after inoculation, 14C distribution of inoculated root was statistically in‐
creased in comparison with the uninoculated control roots. Also, consumption of current
photosynthate by the respiration of underground parts increased at day 12 after inoculation.
The radioactivity per dry weight was higher in the nodules than that of the growing point of
shoots (i.e. shoot apex). Thus, the underground part after emergence of the nodule is already
a high consumer of energy (Figure 1).

Figure 1. A model for the requirement of photosynthate of nodules during initial stages of nodule formation.

It was shown that an appreciable amount of photoassimilate is not required for nodule ini‐
tiation before emergence in Williams. What about in hypernodulation mutant lines? The
availability of photosynthate might be involved in autoregulation of nodulation. For exam‐
ple, if photosynthate allocation to nodulation in the early stages of nodule formation is
markedly increased in NOD1-3, autoregulation of nodulation might be involved in the
availability of photosynthate.

To demonstrate this idea, a current photosynthate allocation of hypernodulation mutant of
soybean NOD1-3 (isolated from Williams) was examined at 8 days after inoculation using
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14CO2 as shown above [22]. The results showed that the 14C distribution in the roots on 8
days after inoculation did not increase when compared with uninoculated control plants in
NOD1-3. In visualized images of radioactivity by an imaging plate, the nodules were ob‐
served as the strong signal spots in the underground organ. It was concluded that apprecia‐
ble amount of photoassimilate is not required for the nodule initiation in NOD1-3 in 8 days
after inoculation. It was also indicated that the growth of nodule in NOD1-3 is slightly early,
compared with Williams; because nodule at early stage had already high sink activity in
NOD1-3.

These results indicate that an appreciable amount of photoassimilate is not required for nod‐
ule initiation, irrespective of wild type and hypernodulation mutant. It is considered that
photosynthate allocation to the nodulated root is not related to autoregulation of nodula‐
tion. However, it is unclear whether photosynthate allocation to root in the uninoculated
NOD1-3 is similar with the uninoculated Williams or not. If photosynthate allocation to root
in uninoculated NOD1-3 is higher than that in uninoculated Williams, cause of hypernodu‐
lating trait in NOD1-3 might be attributed to the photosyanthate allocation. So we compared
14C partitioning in the uninoculated plants between Williams and NOD1-3 (unpublished da‐
ta). Results show that there was no difference between NOD1-3 and Williams in 14C distribu‐
tion per plant parts (Figure 2). It is strongly suggested that control of nodule formation may
be independent of allocation of photosynthetic product.

They were cultured without inoculation of bradyrhizobium under –N condition. At 18 days after sowing, whole shoots
were exposed to 14CO2 for 120min, and the distribution of radioactivity in each organ was determined.

Figure 2. Percentage distribution of radioactivity of 14C in whole plants in uninoculated Williams and NOD1-3.
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4. Role of autoregulation system

While it is known that substantial amounts of photosynthate are required for the nitrogen-
fixing activity in mature nodules, real-time analysis of photosynthate allocation in hyperno‐
dulation has not been reported. Time course study was performed with the aim to clarify
the real-time allocation of photosynthetic products in relation to excess nodulation in soy‐
bean plants [23]. Allocation of photosynthates to underground part in soybean plants was
analyzed using 11CO2 and positron-emitting tracer imaging system (PETIS). PETIS can moni‐
tor 2D-distribution of positron-emitting tracer like 11C, and a PETIS imaging provides an
animation movies of radioactivity non-invasively. Soybean plants were inoculated with B.
japonicum when they were sown and were grown hydroponically. Whole shoots of the
plants at 35 days after sowing were exposed to 11CO2, and the 11C imaging was performed
for 180 min. In this study, the distribution of 11C-photosynthates in the nodule of hyperno‐
dulation NOD1-3 was characterized by comparison to wild type Williams. Results showed
that both in the NOD1-3 and Williams, 11C-photosynthates were transported to the root base
within about 20 min after feeding of 11CO2 and to the root tips within one hour. Most of 11C-
photosynthates in the underground part were localized to the root base where many nod‐
ules are formed. It was shown that a larger amount of 11C-photosynthates was transported
into the nodules on the root base than into those on distal root regions, both per nodule and
per volume of nodule (Figure 3). This suggested that the basal nodules may have higher ac‐
tivity for nitrogen fixation both in the mutant and wild type, and such position of a nodule
may be a dominant determining factor for the activity. Surprisingly, there was no difference
between the mutant and wild type in the amount of 11C-photosynthates accumulated into
the nodules per volume of nodule, both in basal and distal regions (Figure 3). These results
suggested that the reduced activity of nitrogen fixation in the mutant might be generally
caused by the increased proportion of the distal nodules which are poorly fed with photo‐
synthates. So regulation of nodulation on distal region of root is thought important for effi‐
cient activity of nitrogen fixation. It might be that shoot-derived autoregulation signal
regulate nodulation of distal region of root (Figure 4).

Generally, hypernodulation mutant lines tend to show an inferior growth and seed yield
compared with the parent. The peculiar supernodulating variety of soybean “Sakukei 4”
showed the improved growth [24], so it was expected high yield. However, Sakukei 4 could
not produce higher seed yield compared with the parental varieties Enrei or Tamahomare,
because N use efficiency of Sakukei4 was low [25]. One of the reason of low N efficiency
might be nodule formation on distal region of root in Sakukei 4.

5. The growth of hypernodulation mutant

Hypernodulation mutants form profuse nodules compared with their wild type parents.
Physiological characterization of hypernodulation mutants showed some features of plant
growth in addition to the hypernodulation trait. Especially, less vigorous plant growth had
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been reported [3, 4, 5]. In general, it is because of strong requirement for carbon source of
nodules. But it was unclear whether inferiority of growth occurs as a secondary effect of hy‐
pernodulation trait or directly due to gene defects by mutation. The details of the growth
characteristics of hypernodulation mutant lines may be important to understand the system‐
ic features of the autoregulation mechanism.

GmNARK, which plays an important role in autoregulation of nodulation, was identified in
soybean [26, 27]. The soybean hypernodulation NOD mutant lines were isolated from the
Williams parent, NOD1-3 and NOD3-7 by N-nitroso-N-methylurea and NOD2-4 by ethyl
methanesulfonate [4]. Allelism analysis showed that hypernodulation of all NOD mutant
lines from Williams and the En6500 mutant from Enrei is controlled by a single recessive al‐
lele [28, 29]. The mutation site of En6500 and NOD3-7 has been identified in GmNARK [26,
30]. Therefore, the mutation site of all NOD mutant lines is thought to be in GmNARK. There
are some different phenotypes between these NOD mutant lines [4, 31], although the reason
is unclear so far. Our previous study showed that NOD1-3 had larger nodule compared

Figure 3. Accumulation of 11C-photosynthates into nodules. (from reference [23]) (A, B) Photographs of underground
part in wild-type (A) and NOD1-3 (B). Yellow ellipses indicate regions of interest (ROIs) for the basal nodules and red
ellipses indicate ROIs for distal nodules. (C) Time activity curves (TACs) per nodule. (D) TACs per volume of nodules.
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characteristics of hypernodulation mutant lines may be important to understand the system‐
ic features of the autoregulation mechanism.

GmNARK, which plays an important role in autoregulation of nodulation, was identified in
soybean [26, 27]. The soybean hypernodulation NOD mutant lines were isolated from the
Williams parent, NOD1-3 and NOD3-7 by N-nitroso-N-methylurea and NOD2-4 by ethyl
methanesulfonate [4]. Allelism analysis showed that hypernodulation of all NOD mutant
lines from Williams and the En6500 mutant from Enrei is controlled by a single recessive al‐
lele [28, 29]. The mutation site of En6500 and NOD3-7 has been identified in GmNARK [26,
30]. Therefore, the mutation site of all NOD mutant lines is thought to be in GmNARK. There
are some different phenotypes between these NOD mutant lines [4, 31], although the reason
is unclear so far. Our previous study showed that NOD1-3 had larger nodule compared

Figure 3. Accumulation of 11C-photosynthates into nodules. (from reference [23]) (A, B) Photographs of underground
part in wild-type (A) and NOD1-3 (B). Yellow ellipses indicate regions of interest (ROIs) for the basal nodules and red
ellipses indicate ROIs for distal nodules. (C) Time activity curves (TACs) per nodule. (D) TACs per volume of nodules.
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with Williams in 8 days after inoculation [21, 22]. And images analyzed using imaging plate
shows that nodules can be observed as partially strong signal in the underground organ at 8
days after inoculation, whereas strong signal of nodule in Williams was narrowly observed
at 10 days after inoculation. This observation was consistent with in the literature [32], they
reported that initial nodule growth of NOD1-3 was earlier than that of Williams. Also anoth‐
er mutant line, reference [33] suggested that supernodulating mutant nts382 growth in early
stages was faster than its wild-type cv.Bragg, especially with early lateral root formation.
These observations may indicate that the start of new underground organogenesis of mu‐
tant is partially faster than its parents. However, the shoot growth of the hypernodulation
mutant had not been well investigated.

The objective of our study was to investigate the characteristics of the initial growth of the
NOD mutant lines with the dry matter weight of each part and a whole plant. The experi‐
ment was designed within the period when the plants could grow without nitrogen supply.
We investigated the phenotypes of not only inoculated plants but also uninoculated plants,
and clarified whether phenotypes appeared by a secondary effect of a hypernodulation trait
or not; secondary effect means the phenomenon which is caused by excess number of nod‐
ules, while a hypernodulation trait is primary effect of mutation gene. The point of this
study is that soybean seeds of hypernodulation mutant lines, NOD1-3, NOD2-4, and
NOD3-7, and of the Williams parent were carefully selected by uniform seed weight. If

Figure 4. A model for autoregulation of nodulation in soybean plants. Nodule formation of distal region might be
regulated by shoot-derived autoregulation signal.
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seeds were selected randomly, seeds of NOD1-3 and NOD3-7 tend to be smaller than that of
Williams and NOD2-4. Difference of seed weight affects initial growth of plants.

First, characteristics of the initial growth of hypernodulation NOD mutant lines were com‐
pared with that of Williams with or without inoculation of B. japonicum at 7 or 8 days after
sowing [34]. When plants were grown without inoculation of bradyrhizobia, the total dry
weight of each hypernodulation mutant seedling was not significantly different from that of
Williams. Also in inoculated condition, the plant dry weight was not different between hy‐
pernodulation mutants and Williams at this stage. The decrease in the growth of hyperno‐
dulation mutant is thought to become evident after this growth stage. Some characteristics
of each mutant line were observed in this study. Nodule number of NOD1-3 was the largest
in all lines in inoculated condition. On the other hand, nodule number of NOD3-7 was simi‐
lar with that of Williams in this growth stage. It might be that hypernodulation trait of
NOD3-7 is not appeared when they are seedling at 8 days after sowing. It is also character‐
ized that stem length of NOD3-7 seedling was shorter than other lines, so the shoot growth
of NOD3-7 might be different from other lines. Seedling growth of NOD2-4 was very similar
with that of Williams, except for nodule number.

Next, characteristics of the initial growth of NOD mutant lines were compared with Wil‐
liams at 17 or 18 days after sowing [35]. The plants were grown with or without seed-inocu‐
lation of bradyrhizobia, and in the absence or presence of nitrate in the culture solution.
When the plants were grown without inoculation, the total dry weight of all mutant lines
was not different statistically from Williams, both in the absence and presence of nitrate.
When they were grown with inoculation of bradyrhizobia, however, the total dry weight of
each mutant line was significantly lower than that of Williams, both in the absence and pres‐
ence of nitrate. These results indicated that less total dry matter accumulation of hypernodu‐
lation mutant lines than the wild type may be the secondary effect due to the large number
of nodules, while the hypernodulation trait is a primary effect of the mutated gene. When
the plants were grown with inoculation, the nodule number was decreased by the presence
of nitrate in Williams, NOD1-3 and NOD2-4, but not in NOD3-7. NOD3-7 may be the most
tolerant to nitrate inhibition of nodulation among NOD mutant lines. Growth of each leaf of
NOD3-7 and NOD1-3 was different from the wild type and NOD2-4; the expanded leaf was
smaller but the new leaf was larger compared with Williams under all conditions (Figure 5).
This indicates that NOD3-7 and NOD1-3 might decrease the ability for leaf expansion and
have a faster leaf emergence rate. In order to compare the growth rate of the leaves, study
was conducted to measure leaf length of the plants daily between 6 and 18 days after sow‐
ing (unpublished data). Plants were grown in bradyrhizobium-free nutrient solution with‐
out N supply. Figure 6 shows the increase in the length of each leaf blades with time, of
Williams and NOD mutant lines. In Williams, an expansion of new leaf started after growth
of the previous leaf had been completed. The leaf growth pattern of NOD2-4 was similar
with the Williams. In NOD3-7, expansion of new leaf was started earlier before the previous
leaf finished expansion. The graph of NOD1-3 shows intermediate pattern between Wil‐
liams and NOD3-7. The emergence rate of new leaf of NOD3-7 was fastest in all lines. In
addition, leaf shape of NOD1-3 and of NOD3-7 was narrower compared with wild type; the
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leaf index (the ratio of the leaf length to the leaf width) of NOD1-3 and of NOD3-7 was in‐
creased than the wild type. It was indicated that NOD3-7 and NOD1-3 had a rapid emer‐
gence rate of leaves, while the final size of their expanded leaves was smaller than that of
Williams and NOD2-4.

Figure 5. Photos of leaves of hypernodulation mutant lines, NOD1-3, NOD2-4 and NOD3-7, and their parent Williams.
Plants were grown without inoculation of bradyrhizobium and under -N condition. In order of primary leaf, 1st trifo‐
liolate leaf, 2nd trifoliolate leaf, and 3rd trifoliolate leaf are indicated from the bottom in each line. The bar indicates 1
cm.

Figure 7 shows summary of initial growth of NOD mutant lines, compared with Williams.
When they were inoculated, all NOD mutant lines form great number of nodules than does
Williams. But the individual nodule size of NOD mutant line was smaller than that of Wil‐
liams. In the leaf phenotype, individual leaf size of NOD1-3 and NOD3-7 was smaller than
that of Williams. But they had faster rate of new-leaf emergence and their leaf number per
plant had tendency to increase. In NOD1-3 and NOD3-7, leaf phenotype was similar with
nodule phenotype. On the other hand, leaf phenotype of NOD2-4 was similar with Wil‐
liams.

6. Leaf phenotype of hypernodulation mutant

We investigated the difference of fully expanded leaf size in cell level using light microsco‐
py when the plants were not inoculated without N supply [36]. Results showed that the cell
number of NOD1-3 and NOD3-7 was significantly lower than that of Williams. Cell area of
all lines was similar and there were not significant difference between each line. The cell
area of NOD3-7 was a little higher than that of other lines, it maybe because of compensa‐
tion effect of decreased cell number. Compensation effect is characterized by cell enrage‐
ment triggered by the decrease in cellular proliferation of leaf [37]. It was indicated that
NOD1-3 and NOD3-7 produced small-size leaves due to the smaller number of leaf cells,
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compared to Williams parent. These phenotypes were not affected by the inoculation with
bradyrhizobia or nitrate supply.

Also in Lotus japonicus, leaf growth of hypernodulation mutant har1-4 was compared with
their wild type Gifu [38]. Plants were grown in rhizobium-free nutrient solution with 5 mM
nitrate supply. Sampling was done at day 14 after sowing. The total dry weight of har1-4
was similar to wild type. Leaf area of primary and 1st and 2nd trifoliolate leaf on har1-4 was

Figure 6. The increase in the length of each leaf blades with time of Williams, NOD1-3, NOD2-4 and NOD3-7. Plants
were grown without inoculation of bradyrhizobium and under -N condition. Length of each leaf blade was measured
daily between 6 and 18 days after sowing.

Figure 7. Summary of initial growth of NOD mutant lines, compared with Williams.
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similar with that of wild type (Figure 8A). Leaf area of 3rd trifoliolate leaf of har1-4 was
slightly smaller than that of wild type. A microscopic study showed that cell number per
leaf of 1st trifoliolate leaf of har1-4 was tended to be lower than that of wild type, but it was
not significantly difference (Figure 8B). On the other hand, cell area of har1-4 tended to be
larger than that of wild type (Figure 8C). Increased cell area of har1-4 might be caused by
“compensation effect” of decreased cell number, so leaf area of har1-4 was similar that of
wild type. A part of autoregulation system might be related to the control system of leaf-cell
proliferation also in Lotus japonicus, although could not be clarified in this study.

Plants were grown without inoculation under 5 mM NO3
- supply. Comparison of leaf area (A), palisade cell number per

leaf (B), and calculated cell area (C) of the first trifoliolate leaves.

Figure 8. Leaf phenotypes of hypernodulation mutant har1-4 compared with wild type (Gifu) in Lotus japonicus. (from
reference [38])

To investigate the relationship between nodule and leaf phenotypes, the leaf growth of seed-
inoculation plants (active-autoregulation) was compared with the uninoculated plants (bas‐
al-autoregulation) in Williams [36]. Results showed that the leaf area of inoculated plants
was significantly larger than that of uninoculated plants. The cell number of primary leaves
of active-autoregulation plants was significantly higher than that of basal-autoregulation
plants. So we concluded that the recognition of infection signal in the shoot might stimulate
the cell proliferation of leaf blade. The autoregulation of nodulation system might be active
at the basal level when plants are grown without inoculation. Symbiotic nitrogen fixation in
root nodules requires a large amount of photosynthates. To activate cell proliferation of
leaves along with the autoregulation mechanism by infection of bradyrhizobia would be
reasonable.
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7. Conclusion

In order to prevent a decrease in growth due to excess nodulation, especially of distal region
of root, the control mechanism plays an important role. In the autoregulation of nodulation,
yet-unknown signal molecules are used in the communication between shoot and root. Our
study showed that control of nodule formation may be independent of allocation of photo‐
synthetic product [21, 22]. Recently, it was indicated that the shoot-derived autoregulation
signal is a downregulator of nodulation and is produced by the wild type, rather than acti‐
vator produced by the mutants [39]. They also indicated that both bradyrhizobia inoculation
and visible nodule formation are not essential for shoot-derived autoregulation signal syn‐
thesis [39]. Our study showed that the autoregulation of nodulation might be related to the
control system of leaf-cell proliferation. Universal regulation system of plant growth might
closely link to the autoregulation of nodulation. So it might be reasonable that plant hor‐
mones regulate nodule development [40]. For example, salicylic acid [41], abscisic acid [42],
methyl jasmonic acid [43] and polyamine [44] are proposed to be involved in autoregulation
of nodulation in leguminous plants. The autoregulation of nodulation might be regulated
through interplay of several signaling compounds. The non-symbiotic phenotype of the mu‐
tants might be helpful to isolate signal molecules of autoregulation of nodulation.
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Systemic Regulation of Root Nodule Formation

Takashi Soyano and Masayoshi Kawaguchi

Additional information is available at the end of the chapter
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1. Introduction

Most of legume plants produce de novo root lateral organs, root nodules, to accommodate their
symbiotic bacteria, collectively called as rhizobia. Production of the de novo root organ is
initiated by infection of rhizobia on surfaces of plant root tissues [1]. Rhizobia enter host tissues
by two major strategies. One is the crack entry from the root epidermis where lateral roots
emerge, and the other is the root hair-mediated invasion. Model legume plants, Lotus japoni‐
cus and Medicago truncatula, have adopted the latter mode of the infection pathway. In either
case, infected rhizobia invade into host tissues through infection threads, which are tubular
paths developed by invagination of the host plasma membrane. Concomitantly with the
progression of infection processes from the epidermis into the cortex, a fraction of cortical cells
beneath the site of the infection begin to divide and form a root nodule primordium. Invaded
bacteria are released into cortical cells in the nodule primordium by an endocytic-like process,
and differentiate into bacteroides. Whereas plants usually cannot utilize atmospheric nitrogen
as a nutrient, bacteroides convert it to ammonium that is a usable nitrogen source for host
plants. Host plants, on the other hand, provide the rhizobia with an energy source from
photoassimilates, and compensate components that rhizobia lack for nitrogen fixation [2]. This
symbiotic relationship enables legumes to grow under conditions where nitrogen sources are
limited.

The nodule symbiosis with rhizobia is a unique feature of legumes among land plants. The
infection processes are regulated by interaction with rhizobia. Nodulation factors (Nod factors)
that are lipochitin oligosaccharides secreted by rhizobia trigger the symbiotic responses [3,4].
LysM containing receptor proteins, NFR1 and NFR5 in L. japonicus, and NFP and HCL in M.
truncatula are involved in perception of Nod factors [5-9]. Direct binding of Nod factors to
NFR1 and NFR5 was recently demonstrated [10]. Nod factor perception leads to activation of
transcriptional networks involved in establishing the nodule symbiosis. This process depends
on common SYM factors, which are required for both the nodule symbiosis and mycorrhizal
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symbiosis [11-14]. While the mycorrhizal symbiosis is seen in the majority of land plant species,
and has been thought to be evolved 400 million years ago, molecular clock data suggest that
legumes has acquired the nodule symbiosis about 60 million years ago. Common SYMs are
involved in transmission of nodulation signals into nuclei. Among common SYM factors,
CCaMK (for calcium- and calmodulin-depednet protein kinase)/DMI3 plays pivotal roles in
regulation of nodulation processes [15-17]. CCaMK localizes to nuclei, and interacts with its
phosphorylation substrate, CYCLOPS/IPD3 [14,18,19]. gof-CCaMK spontaneously induces
root nodules without rhizobial infection [16,17], indicating this protein substitutes for Nod
factor signals in the cortical response for the root nodule organogenesis. Activation of CCaMK
is sufficient for onset of gene expression required for the root nodule development. Thus,
legumes have invented the nodule symbiosis by recruiting factors from the ancestral mycor‐
rhizal symbiosis, and further have developed nodulation specific factors to acquire the
nitrogen-fixing activity.

Although the root nodule symbiosis is beneficial to host plants, excessive nodulation interferes
with plant growth, probably, due to a high energy cost against the nitrogen fixation. Therefore,
legumes have developed negative feedback pathways that optimize total nodule number and
mass in a single plant. A major pathway that regulates nodule number is known as autoregu‐
lation of nodulation (AON) [20,21], which is activated by nodulation, and systemically
prevents subsequent formation of nodules through root-shoot communications. This systemic
effect has been demonstrated by split root experiments. Infection with rhizobia to one part of
the root results in reduction in the nodule number in the other part of the root that was
inoculated 3-4 days after the first inoculation procedure [20,22]. Reciprocal grafting experi‐
ments with mutants defective in AON have further shown that the inhibitory effect seen in the
root is mediated by the shoot [23-27]. Two types of long-distance signals that are derived from
either the root or shoot have been postulated in AON to explain the root-shoot communication;
The root-derived signal that was generated by early nodulation signaling is translocated to the
shoot, and activates shoot-acting AON factors to produce the shoot-derived inhibitor (SDI),
which, in turn, is transported down to the root, and inhibits nodulation through root-acting
AON factors.

In the past decade, many mutants exhibiting impaired nodulation have been isolated, and
genes responsible for symbiotic phenotypes have been identified. The accumulating lines of
evidence led to basic models for the nodulation signaling pathway. Factors involved in AON
have been identified from several legume species. Our knowledge of AON has greatly
advanced at molecular levels by efforts of many researchers, although many pieces have
remained to understand how AON systemically regulates nodulation. In this review, we
highlight past work in this area and describe recent results obtained with forward and reverse
genetic approaches as well as with biochemical works, along the basic scheme of AON that
has been depicted by pioneer works.
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2. Shoot factors involved in AON

Genetic screens have identified loci that affect AON in several legume species. These mutants
often display excessive nodules within an enhanced nodulation zone in either the presence of
or the absence of nitrate, which possesses inhibitory effects on nodulation (see below). This
phenotype is termed hypernodulation or supernodulation [18]. Soybean nts, L. japonicus har1,
M. truncatula sunn, and pea sym29 mutants exhibit the typical hypernodulation phenotype
[24,27-29]. Grafting experiments have shown that shoots of these mutants confer excessive
nodulation on wild type rootstocks, while mutant rootstocks that were grafted to the wild type
scion do not exhibit the hypernodulation phenotype [23-27]. These results indicated that the
shoot genotype determined the phenotype in the root, and genetically demonstrated that the
root-shoot communication is important for the systemic and negative feedback regulation of
the nodule formation.

Positional cloning of genes responsible for the hypernodulation phenotype revealed that AON
has diverted factors involved in the shoot apical meristem homeostasis as shoot-acting factors.
The causative genes of these mutants encode leucine-rich repeat (LRR) containing receptor
protein kinases orthologous to each other [25,26,30,31]. It is expected that ligand-receptor
interaction in the shoot regulates nodulation in the root. In vitro experiments have shown that
the kinase domain of GmNARK/NTS possesses a transphosphorylation activity [32]. This
kinase activity is abolished by amino acid substitutions at residues corresponding to sites of
missense mutations that were found in loss-of-function nts alleles. The kinase activity is
required for the GmNARK function, and phosphorylation of its substrates probably leads to
the production of the SDI in the shoot. The GmNARK kinase domain phosphorylates two
KAPPs (for kinase-associated protein phosphatases) [32]. The phosphorylated KAPPs de‐
phosphorylated the autophosphorylated GmNARK kinase domain. The LRR receptor protein
kinases are closest to Arabidopsis CLV1 and rice FON1, which play a central role in the shoot
apical meristem homeostasis, and restrict meristem sizes [33-35]. Multiple receptor proteins
are involved in maintenance of meristem sizes in Arabidopsis [36]. Pea and L. japonicus genes
orthologous to Arabidopsis CLV2, which encodes a LRR-containing transmembrane protein
that interacts with and stabilizes CLV1 [37], are also involved in AON [38]. Furthermore, L.
japonicus KLV that acts together with HAR1 is an LRR-receptor protein kinase with a high
similarity to Arabidopsis RPK2/TOAD2 [39,40], which regulates the shoot meristem homeo‐
stasis in parallel with CLV1 [41]. These leguminous receptor proteins probably function as
multiple complexes as it is for Arabidopsis counterparts [36,41]. HAR1, indeed, interacts with
KLV in a transient expression system using Nicotiana benthamiana leaves [40]. Although the
function of these leguminous genes in the shoot apical meristem has remained to be analyzed
in detail, fasciated stems have been observed in Arabidopsis klv mutants and loss-of-function
plants of L. japonicus and pea CLV2 genes [38-40]. This phenotypic trait is often observed in
mutants, such as clv mutants, where the negative feedback system to maintain meristem sizes
is abortive and the shoot apical meristem is enlarged [33]. Besides stem fasciation, klv mutants
further show disconnected vasculatures, indicating defect in cell differentiation or production
of stem cells [39]. These observations imply that AON and the shoot meristem-associated
pathway may utilize common or similar molecular strategies to maintain either the meristem
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homeostasis or the nodule number. Alternatively, legumes may have developed pathways
that specifically regulate nodule number in the root downstream of the shoot-acting receptor
protein kinases.

3. Root-derived CLE peptides

In the shoot meristem regulation, CLV1 restricts meristem sizes through interaction with CLV3
that is a member of CLE (CLV3/ESR-related) small secreted peptide family [42-44]. CLV3
peptide is produced from its primary translational product by proteolytic processing [45]. By
analogy to the CLV1-CLV3 pathway, the shoot-acting AON receptor protein kinases were
expected to recognize CLE peptides that might act as the root-derived signal. Okamoto et al.
have comprehensively analyzed expression of genes that encode CLE-peptide precursors in
L. japonicus, and found that two CLE genes, referred to as CLE-RS1 and CLE-RS2, specifically
expressed in roots in response to rhizobial infection [46]. Similar approaches have also been
performed in other leguminous species to identify CLE genes associated with the nodule
development [47-50]. MtCLE12 and MtCLE13 from M. truncatula and GmRIC1, GmRIC2, and
GmNIC1 from soybean as well as L. japonicus CLE-RS1 and CLE-RS2 have activities to suppress
the nodule formation [46,47,49,50]. Ectopic expression of these genes, except GmNIC1, in a part
of the root system results in systemic inhibition of nodulation in the roots that have not
ectopically expressed the CLE gene. This effect on nodulation depends on HAR1 and KLV in
L. japonicus and the corresponding shoot-acting AON genes in M. truncatula and soybean [40,
46,48,49,51]. These results are compatible with the idea that these CLE gene products are the
root-derived signals. However, synthetic CLE peptides corresponding to the putative CLE-
RS1, CLE-RS2, MtCLE12, and MtCLE13 failed to suppress nodulation [46,47].

Okamoto et al. have determined the structure of the mature CLE-RS2 [52]. This peptide is
composed of 13 amino-acid residues corresponding to the conserved C-terminal CLE domain
of its precursor, and the seventh proline residue is hydroxylated, and further posttranslation‐
ally modified with three residues of arabinose. This proline residue is conserved in all putative
CLE peptides that are encoded by genes whose ectopic expression suppresses nodulation. The
same arabinosylation has been also found at the seventh hydroxyproline residue of the CLV3
peptide. This modified CLV3 peptide interacts more strongly with the ectodomain of CLV1
[53]. The synthetic arabinosylated CLE-RS1 and CLE-RS2 bound to HAR1 protein, but not to
a loss-of-function HAR1 derivative with an amino acid substitution at a residue critical for
ligand binding of the CLV1 family receptor kinases in Arabidopsis [52,54]. The activity of the
CLE-RS1 and CLE-RS2 peptides to suppress nodulation has been demonstrated by feeding
experiments with the synthetic arabinosylated peptides [52]. The synthetic CLE-RS2 and CLE-
RS1 peptides that were fed from cotyledon surfaces suppressed nodulation depending on
HAR1, but those without arabinosylation failed. The arabinosylation is essential for binding
to HAR1 and the activity to inhibit nodulation. These analyses have shown that the arabino‐
sylated CLE-RS2 and CLE-RS1 are ligands for HAR1.

Unlike the short-distance communication between CLV1 and CLV3 (these genes express in
restricted region of the shoot apical meristem), long-ranged transport is necessary for the root-
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derived CLE peptides to interact with HAR1. The xylem often mediates the transport of
molecules from the root to the shoot [55]. The arabinosylated CLE-RS2 was detected in xylem
sap collected from soybean shoots whose roots have been transformed to express CLE-RS2 [52].
The secreted mature peptide is thought to be transported to the shoot in the xylem. This is
consistent with spatial expression patterns of HAR1, KLV, and NTS/GmNARK; They express
in vascular tissues [40,56]. The arabinosylated CLE-RS2 and CLE-RS1 peptides that were
transported in the xylem are thought to bind with HAR1, and exert the inhibitory effect on
nodulation.

4. Expression of CLE genes that encode the root-derived signal

Transcriptional regulation of the root-derived signal is an important step to regulate AON.
The expression in response to rhizobial infection is mediated by the early signaling pathway
required for nodulation processes [47]. Transcription factors that are involved in the early
nodulation signaling, such as NSP1, NSP2, and NIN, are required for expression of MtCLE12
and MtCLE13 in response to rhizobial infection. These transcription factors are essential for
formation of the nodule primordium, which is initiated by division of cortical cells beneath
epidermal cells infected by rhizobia [57-60]. It has been shown that ectopic expression of NIN
induces cortical cell division without rhizobial infection [61]. Mortier et al. have shown detailed
spatial expression patterns of MtCLE12 and MtCLE13 during the course of the nodule meristem
formation [47]. These genes begin to express in cortical cells beneath infection sites in the
epidermis [47]. The expression is sustained in dividing cortical cells in the incipient nodule
primordium, and is restricted in the apical zone of elongated indeterminate type nodules. The
apical region corresponds to the meristematic and early infection zones. Expression patterns
similar to those of MtCLE genes have also shown in the case of GmRIC2 [49]. In the current
model of the nodule meristem formation, perception of Nod factors that are secreted by
rhizobia triggers the nodule meristem formation through activation of cytokinin signaling
[62-65]. Cytokinin induces expression of NSP1, NSP2, and NIN [62-64,66], although NSP2
expression is transient and repressed within 3 hours after the treatment [67]. MtCLE13
expression in the root treated with exogenous cytokinin is detected in inner cortical cells [68],
which is consistent with the site where where MtCLE13 begins to express when roots were
inoculated with rhizobia. These observations indicate that CLE gene expression is associated
with the nodule primordium or meristem formation.

In addition to rhizobial infection, expression of CLE-RS2 and GmNIC1 is induced by nitrate,
which  also  has  an  inhibitory  effect  on  nodulation  [46,50].  nts  mutants  were  originally
identified as nitrate-tolerant symbiotic mutants [28]. har1 and klv mutants also exhibit the
nitrate-tolerance [39].  It  is  likely that the different inputs,  rhizobial infection and nitrate,
activate the same CLE gene in L. japonicus, and interfere with nodulation through AON. It
has been shown that NIN-like proteins (NLPs) targets nitrate-responsive elements (NREs)
that were found in promoters of nitrate-inducible genes, such as NIR1, and activate the gene
expression in Arabidopsis [69-71]. All 9 Arabidopsis NLPs are able to bind to NREs and
possess  potentials  to  activate  gene  expression in  transient  expression assay and in  vitro
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experiments. NIN has been thought to be derived from a member of NLPs [72,73]. All of
domains  that  are  conserved  in  NLPs  are  present  in  the  NIN  protein  except  the  GAF-
related domain in the N-terminal region, which is necessary for NLPs to sense a nitrate-
signal that post-translationally activates the NLP transcriptional activity [70]. NIN-binding
nucleotide sequences that were found in promoters of NIN-target genes are similar to those
of NREs [61]. NIN and NLPs may target CLE genes whose mature translational products
act  as  the  root-derived  AON  signals,  and  activate  the  gene  expression  in  response  to
different stimuli, rhizobial infection and the nitrate-supply, respectively. There may be an
evolutionary link between pathways for nitrate-responses and AON. Nitrate also systemical‐
ly regulates root architecture in Arabidopsis [74,75].

5. Shoot-derived inhibitors

The SDI is thought to be produced depending on activation of the shoot-acting receptor protein
kinases. Expression of GmNARK in the phloem has suggested that the SDI is produced in the
vascular tissue and transported in the phloem. Lin et al. have shown the presence of the SDI
activity in leaf extracts from soybean [76]. They developed a feeding system from petioles, and
found the activity that suppresses nodulation in aqueous extracts prepared from leaves of
inoculated wild type soybean. This activity is generated depending on Nod factors and
GmNARK, and effective in both wild type plants and nts mutants. The generality of the activity
was demonstrated with leaf extracts from inoculated M. truncatula. These properties of the
activity are consistent with that of the presumptive SDI. The factor with the activity is a heat-
stable small molecule of < 1 kDa and resistant against either RNase or Proteinase K. It is likely
that SDI is neither a protein nor an RNA.

Although the shoot-derived molecule that acts as the SDI has not yet been identified, several
phytohormones have shown inhibitory effects on nodulation [77] and associated with AON.
Auxin has been postulated to be involved in nodulation [78], and is transported from the shoot
to the root by cell-to-cell transport mediated by auxin carriers, and also thought to travel in
the phloem. M. truncatula SUNN is involved in regulation of this long-distance auxin transport.
van Noorden et al. have shown that auxin transport from the shoot to the root is downregulated
by inoculation with rhizobia in wild type plants, whereas the rate of the transport is not
changed in the sunn mutant, and auxin is more abundant in the mutant root compared to the
wild type [79]. They have proposed a model of auxin action in AON based on their observa‐
tions; Downregulation of the long-distance transport of auxin by AON leads to reduction in
the auxin level in the roots, resulting in decreased efficiencies of the nodule initiation. Indeed,
local application of an auxin transport inhibitor, N-(1-naphthyl)phthalamic acid, to a hypoco‐
tyl results in reduction of nodule number in the sunn mutant, but not in the wild type plant
[79]. Unlike cytokinin, involvement of auxin in the nodule primordium formation has
remained obscure. It would be important to elucidate roles of auxin in the root nodule
development for understanding relation with AON.

In soybean, on the other hand, it has been reported that metabolic pathways of jasmonic acid
in the shoot are altered by nts mutations. Kinkema et al. have found that transcripts of genes
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activity in leaf extracts from soybean [76]. They developed a feeding system from petioles, and
found the activity that suppresses nodulation in aqueous extracts prepared from leaves of
inoculated wild type soybean. This activity is generated depending on Nod factors and
GmNARK, and effective in both wild type plants and nts mutants. The generality of the activity
was demonstrated with leaf extracts from inoculated M. truncatula. These properties of the
activity are consistent with that of the presumptive SDI. The factor with the activity is a heat-
stable small molecule of < 1 kDa and resistant against either RNase or Proteinase K. It is likely
that SDI is neither a protein nor an RNA.

Although the shoot-derived molecule that acts as the SDI has not yet been identified, several
phytohormones have shown inhibitory effects on nodulation [77] and associated with AON.
Auxin has been postulated to be involved in nodulation [78], and is transported from the shoot
to the root by cell-to-cell transport mediated by auxin carriers, and also thought to travel in
the phloem. M. truncatula SUNN is involved in regulation of this long-distance auxin transport.
van Noorden et al. have shown that auxin transport from the shoot to the root is downregulated
by inoculation with rhizobia in wild type plants, whereas the rate of the transport is not
changed in the sunn mutant, and auxin is more abundant in the mutant root compared to the
wild type [79]. They have proposed a model of auxin action in AON based on their observa‐
tions; Downregulation of the long-distance transport of auxin by AON leads to reduction in
the auxin level in the roots, resulting in decreased efficiencies of the nodule initiation. Indeed,
local application of an auxin transport inhibitor, N-(1-naphthyl)phthalamic acid, to a hypoco‐
tyl results in reduction of nodule number in the sunn mutant, but not in the wild type plant
[79]. Unlike cytokinin, involvement of auxin in the nodule primordium formation has
remained obscure. It would be important to elucidate roles of auxin in the root nodule
development for understanding relation with AON.

In soybean, on the other hand, it has been reported that metabolic pathways of jasmonic acid
in the shoot are altered by nts mutations. Kinkema et al. have found that transcripts of genes
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encoding key enzymes controlling jasmonic acid biosynthesis and of jasmonic acid-responsive
genes are accumulated in the shoot of nts mutants compared to wild type plants [80]. They
have also shown that foliar application of a jasmonic acid biosynthesis inhibitor reduces nodule
number. These results suggest that jasmonic acid is a negative regulator in AON. However,
other two groups have shown that foliar applied methyl jasmonic acid downregulates
nodulation in soybean and L. japonicus [81,82]. Involvement of jasmonic acid or methyl
jasmonic acid in AON remains controversial. It has been also reported that foliar application
of brassinosteroides to loss-of-function GmNARK plants suppresses nodule formation [83].
Grafting experiments have shown that shoots of a pea mutant of which causative gene encodes
a brassinosteroides biosynthesis enzyme causes decrease in nodule number in wild type
rootstacks [84]. It would be required for further analysis on action of brassinosteroides in
systemic inhibitory effects.

6. Root-acting factors involved in inhibition of nodulation

According to the scenario described above, the mature CLE peptides whose genes express in
response to rhizobial infection act as the root-derived signals, and activate shoot-acting
receptor protein kinases including HAR1 and KLV to generate the SDI, which in turn inhibits
nodulation. Root-acting AON factors involved in production of the root-derived signal or
perception of the SDI are required for AON to exert the inhibitory effect. Root-specific
hypernodulation mutants, pea nod3, L. japonicus plenty, and tml/rdh1, and M. truncatula rdn1
and sickle have been isolated [85-90]. Reciprocal grafting experiments have shown that root
genotypes of these genetic loci influence nodulation.

PLENTY seems to work in a pathway different form theHAR1-mediated AON, since grafting
of a har1 scion resulted in an additive phenotype with respect to number of the root nodules
[88]. It has been implied that nodule number is regulated by multiple pathways. Ethylene-
insensitive sickle mutants have shown that ethylene signaling influence nodule number [91].
The causative gene of this mutant encodes an ortholog of Arabidopsis EIN2 that is involved
in ethylene signaling [90]. Similar to sunn mutants, downregulation of the long-distance auxin
transport in response to rhizobial infection dose not occur in the sickle mutant [92]. However,
SICKLE seems to regulate the nodule number independently of the SUNN-mediated pathway,
because sickle sunn double mutants exhibited a novel hypernodulation phenotype [27].
Nodules densely cover the whole root length in sunn mutants, while nodules are formed at
the limited region corresponding to the first inoculation zone in sickle mutants [91]. Auxin
transport inhibition may not be unique to AON.

Pea NOD3 and MtRDN1 are orthologous genes, and encode a protein of the endosomal system
with unknown function [89]. Similar to sunn mutants, rdn1 mutants show the hypernodulation
phenotype that was moderately suppressed by nitrate, and the shorter root phenotype. RisfixC
locus allelic to nod3 exhibits an interesting phenotype. A wild type scion that was grafted to a
RisfixC rootstock produced adventitious roots with the hypernodulation phenotype [93].
Approach-grafting experiments (two plants with intact roots are grafted at stems) have shown
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that the first inoculation of the nod3 mutant root fails to suppress nodulation in the wild type
root that were inoculated 7 days after the first inoculation, resulting in increase in nodule
number compared to the wild type control root [94]. These results suggested that nod3
mutations systemically affected nodulation. Schnabel et al. have shown that a GUS reporter
construct for the MtRND1 promoter intensely expresses in the vascular tissues, in particular,
the area of the xylem, throughout the root [89]. NOD3/MtRND1 may be involved in early
events of the AON pathway associated with production or transportation of the root-derived
signal.

Contrary to NOD3/MtRND1, L. japonicus TML is a root-acting AON factor that functions after
production of the SDI. L. japonicus tml and rdh1 are allelic mutants [95]. TML has been shown
to function downstream of the root-derived CLE peptides [95]. The systemic inhibition of the
nodulation by either CLE-RS1 or CLE-RS2 is suppressed by tml mutations, similar to har1 and
klv mutations. Unlike the plenty mutant, shoot scions of har1 and klv mutants do not enhance
the hypernodulation phenotype of tml rootstocks [87,95]. TML is thought to work in the same
genetic pathway with HAR1 and KLV. Furthermore, the inverted-Y grafting has shown that
a tml root that was inserted into a hypocotyl of a wild type seedling with the intact root does
not affect efficiencies of nodulation in the wild type root [87]. This result suggested that the
tml mutation does not systemically affect nodulation, and the tml root is insensitive to the SDI.

TML encodes a kelch repeat-containing F-box protein [95]. F-box proteins are subunits of SCF
E3 ubiquitin ligase complexes that lead to inactivation of substrate proteins through ubiqui‐
tination and subsequent degradation by 26S proteasome. F-box proteins have been thought to
confer substrate specificities on SCF E3 ubiquitin ligase complexes. TML protein that was fused
to GFP localizes into nuclei. This subcellular localization implies that TML targets transcription
factors, similarly to Arabidopsis kelch-repeat F-box protein, FKF1 [96]. Temporal and spatial
expression patterns of a GUS reporter construct for the TML promoter has suggested that TML
suppresses development of the root nodule meristem after initiation of cortical cell division
[95]. In addition to the nodule primordium, TML constitutively expresses in the root apex
transition zone, which is at developmental stages earlier than the susceptible region for
rhizobial infection. tml mutants produce excess infection threads in the epidermis. One
hypothesis is that TML indirectly inhibits formation of infection threads prior to rhizobial
infection at the root transition zone. TML may exert inhibition of nodulation with two modes
of actions at the site of rhizobial infection and of the nodule meristem formation.

7. Which steps of nodulation are influenced by AON?

Although molecular mechanisms, by which nodule formation is suppressed in the root, have
been largely unknown, several results may be able to speculate how AON influences nodula‐
tion. Rhizobia usually infect at the root tip region where elongation of root hairs occurs, and
nodule formation is initiated at the infection site. Then, nodule formation at the root region
that is developmentally younger than the first inoculated region is suppressed. Thereby,
nodule formation is limited at the first inoculation zone of the root. The mutants exhibiting
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impaired AON show increases in number of both infection threads and nodules. Nodule
formation in these mutants is deregulated with respect of the nodule density and the region
that form nodules. It is suggested that AON influences on early stages of rhizobial infection
and local regulation of nodule number. Identification of loss-of-function mutants of a L.
japonicus cytokinin receptor gene (LHK1) as a suppressor of the har1 hypernodulation pheno‐
type has suggested that AON may act downstream of LHK1 in the nodule initiation [62].
Spatial expression patterns of TML suggest that AON targets early nodulation signaling
pathway required for rhizobial infection, and inhibits cell division in the cortex [87,95].

Ectopic MtCLE12 and MtCLE13 abolished expression of MtENOD11 expression in the root
epidermal cells in response to rhizobial infection [47]. Although MtENOD11 is unknown
function, NSP1-NSP2 transcription factor complex and ERF/AP2 family transcription factors,
ERNs, target the MtENOD11 promoter and activate the gene expression [97-99]. The suppres‐
sion of MtENOD11 expression suggests that one of sites AON targets is the early nodulation
signaling pathway, including NSP1 and NSP2. It is compatible with expression of TML in the
root apex transition zone. Murakami et al. have shown that NSP2 expression is remarkably
downregulated at the root tip region within 1 day after rhizobial infection [100]. MtENOD11
is activated by Nod factor treatment. The expression in the root tip is repressed within 1 day
after the treatment, which is consistent with downregulation of NSP2 expression. Interestingly,
this MtENOD11 repression spatially and temporally regulated is suppressed in nin mutants
[101]. NIN is required for expression of MtCLE12 and MtCLE13, and NSP2 is required for NIN
expression in response to rhizobial infection. There may be the negative feedback regulation
mediated by NSP2 and NIN. However, it is unlikely that the repression of NSP2 is mediated
by the root-shoot communication of AON, because split-root experiments have shown that it
takes 3 days to systemically suppress nodulation in L. japonicus [102]. In soybean, on the other
hand, GmNIC1 overexpression locally, but not systemically, suppresses nodulation [50]. This
effect of the overexpression depends on GmNARK. Some aspects of local inhibitory effects in
soybean may be mediated by LRR-receptor protein kinases.

Saur et al. have shown a strong reduction of NIN expression in roots overexpressing MtCLE12
when compared with controls at 21 days after inoculation [103]. They have proposed a negative
feedback regulation that implicates cytokinin signaling and NIN in AON. Type-A response
regulators highly express in roots where MtCLE12 overexpresses at the same time point,
although there are no significant differences at 8 days after inoculation. Type-A response
regulators are responsible for the negative-feedback regulation of cytokinin signaling [104],
and may repress cytokinin-dependent NIN expression. Arrested primordia that were com‐
posed of cells that originate from the cortex, endodermis, and pericycle were observed in roots
overexpressing MtRR9 type-A response regulator [105].

In the shoot apical meristem homeostasis, the CLV1-CLV3 pathway represses a gene encoding
a homeobox transcription factor, WUSCHEL, which directly activates CLV3 gene and represses
expression of type-A response regulator genes [106,107]. WUSCHEL, itself, is activated by
cytokinin. This transcription factor plays a critical role in the feedback loop to maintain the
homeostasis of the shoot apical meristem. A WUSCHEL-related homeobox transcription
factor, WOX5, expresses in the nodule primordium of M. truncatula, [108]. Although a role of
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MtWOX5 in the nodule development has not yet been clarified, induction of this gene in
response to treatment with auxin, but not cytokinin, suggests that auxin is required for
expression of genes that may act in regulation of cortical cell division. An auxin-responsive
synthetic promoter, DR5, is often used for monitoring distribution of auxin [109,110]. Intense
expression of GFP protein whose expression is under the control of the DR5 promoter is
detected in cortical cells beneath the infection site in the epidermis, and sustained in develop‐
ing nodules [111]. The expression is attenuated in L. japonicus roots overexpressing CLE-RS2.
On the other hand, in har1 background, the DR5 construct expresses in broad area of the
infected root, suggesting that auxin is more abundantly accumulated in the mutant root. It is
consistent with the result obtained by direct measurement of auxin levels in sunn mutants [79].
Auxin activates cell division of pericycle cells that is origin of lateral root primordia. Excessive
cell division in the root pericycle as well as cortical cell division has been observed in the har1
mutant [29]. This alteration of the DR5 expression suggests that AON influences auxin
distribution at the site of the nodule initiation and development, leading to inhibition of cell
division. In this context, auxin is a positive regulator of the nodule formation. Auxin transport
inhibitors elicit pesudonodule formation in M. sativa and M. truncatula [112,113], indicating
alteration of auxin distribution is an important cue for the nodule formation as well as
cytokinin.

8. Conclusion

Forward genetic analyses have greatly contributed to identify novel factors that are involved
in AON. The series of investigations revealed that AON has diverted factors required for the
homeostasis of the shoot apical meristem as the shoot-acting factors. The ligand-receptor
relationship between HAR1 and the root-derived CLE peptides has been clearly demonstrated
by the reverse genetic approaches and biochemical assays. The similarity of AON to the CLV1-
CLV3 pathway suggests that AON may have recruited functions from pathways that generally
work in non-leguminous species. How legumes have been molecularly specialized from non-
leguminous species is an important question to understand molecular basis on the root nodule
symbiosis. Studies on AON would shed light on this fundamental question besides elucidation
of the molecular nature of the systemic inhibitory pathway. There remains three major
questions to to elucidate AON at molecular levels: (1) How expression of the root-derived
signals is regulated, (2) What is a bona-field SDI, (3) Molecular mechanisms, by which
nodulation is suppressed in the root. Lin et al. have shown the SDI activity in aqueous extracts
prepared from leaves of inoculated wild type soybean. Forward genetics has identified TML
as the root-acting AON factor involved in suppression of nodulation downstream of the SDI.
These findings as well as data obtained by efforts of many researchers would be clues to resolve
these questions.
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Effects of Phytohormones on Nodulation and Nitrogen
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1. Introduction

Leguminous plants form root nodules, in which symbiotic rhizobia fix atmospheric nitrogen.
The nodulation process in the legume-rhizobium symbiosis consists of a series of events
initiated by an exchange of specific signaling compounds between the two partners. The roots
of leguminous plants secrete flavonoids, which trigger the synthesis of lipochitin-oligosac‐
charide signaling molecules, Nod factors (NFs), by rhizobia. NFs activate nodule organogen‐
esis in the roots by stimulating the division of cortical cells. Many nodule development stages
resemble other plant organ development such as cell divisions and differentiations. Because
phytohormones are signal molecules involved in most plant physiological activities, they are
likely to positively or negatively regulate nodulation and nitrogen fixation in the legume-
rhizobium symbiosis.

In this chapter, we review the roles of several key phytohormones, namely auxins, cytokinins,
gibberellins, ethylene, brassinosteroids, abscisic acid, salicylic acid, jasmonic acid and strigo‐
lactones in nodulation and nitrogen fixation in leguminous plants.

2. Auxins

Auxins were the first class of plant hormones discovered, and play a central role on the
regulation of germination, plant growth, flower bud formation and flowering, and other
developmental processes. In addition, auxins are involved in responses to environmental
stimuli such as temperature, light and gravity. The most important member of the auxin family
is indole-3-acetic acid (IAA), a native auxin in plants. The highest auxin levels are found in the
cells undergoing cell division, elongation, differentiation and vascular bundle formation.
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Therefore, auxin may play a significant role in nodulation. The possible involvement of auxins
in nodule formation was first reported by Thimann in 1936. Thimann reported that the nodules
of Pisum sativum contained auxin and that the auxin content increased during root nodule
development [1]. Since then, this indirect evidence for an involvement of auxin in nodulation
has been supported by various experiments. Hirsch et al. (1989) showed that auxin transport
inhibitors, such as N-(1-naphthyl) phthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA),
caused the formation of nodule-like structures in Medicago sativa [2]. In Trifolium repens,
transgenic plants carrying an auxin-responsive promoter (GH3) fused to the GUS reporter
gene have been used to visualize the presence of auxins inside roots during nodule organo‐
genesis [3]. The authors found that rhizobia cause a localized, temporary and early inhibition
of auxin transport, which subsequently leads to an accumulation of auxins at the site of nodule
initiation. A similar expression pattern was also observed in Medicago truncatula by using a
DR5::GUS auxin-responsive promoter. In addition, MtPIN-silencing plants had significantly
fewer nodules than control plants [4]. van Noorden et al. (2006) showed that the supernodu‐
lating sunn mutant had increased auxin transport and auxin content and that long-distance
auxin transport regulation by rhizobia was defective [5]. de Billy et al. (2001) showed that genes
in M. truncatula related to the auxin import carrier gene AtAUX1,which they named MtLAX,
are predominantly expressed in regions of the root tips and nodule primordia where the
vasculature arises (i.e., in the center of the lateral roots and at the peripheral region of the
nodules) [6]. These results suggest that auxins are required during the development and
differentiation of nodule primordia and of the vasculature within the nodules [6].

These reports also suggest that the auxin transport system is an important control on the
number of indeterminate-type nodules. The effects of treatment with auxin transport inhibitors
(NPA and TIBA) and with an auxin antagonist, α-(phenylethyl-2-one)-indole-3-acetic acid
(PEO-IAA), on determinate-type nodulation were investigated by using Lotus japonicus. Both
the nodule number and nodule development decreased and the formation of lenticels, which
normally develop on the root surface and originate from the root outer cortex, was also
inhibited by the treatment [7, 8]. The GH3:GUS transformant of L. japonicus showed auxin
responses during nodule development. In rhizobia-inoculated roots, GH3-driven expression
started to increase in the outer cortical cells where cell divisions occurred in the nodule
primordia. GH3-driven expression was connected to the main root vascular tissues. These
results suggest that auxins play an important role in the development of nodule vasculature,
regardless of the nodule type [7-9]. In indeterminate-type nodule-forming plants, auxins
accumulate at the site of rhizobia inoculation. This is caused by the inhibition of polar auxin
transport by an accumulation of flavonoids, which are known as to be auxin transport
regulators, around the infection site. In contrast, flavonoid-regulated auxin transport inhibi‐
tion is not crucial during root nodule formation in Glycine max, which produces determinate-
type nodules [10]. In the determinate-type nodules of L. japonicus, no inhibition of auxin
transport was observed [9]. These differences in auxin distribution and transport inhibition
between plants with determinate and indeterminate nodules have been attributed to a
difference in the developmental pattern of the two nodule types [3, 11].
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The role of auxins in nodulation is linked to the development of other root structures, such as
lateral roots. Both lateral roots and root nodules development are known to be regulated by
the auxin-to-cytokinin ratio. An increase in the auxin concentration stimulated lateral root
formation, whereas an increase of in the cytokinin concentration or an inhibition of auxin
transport induced the development of pseudo-nodules. Previously, it has been assumed that
nodule initiation in plants that form indeterminate-type nodules is stimulated by a low auxin-
to-cytokinin ratio [2]. Recently, Suzaki et al. (2012) investigated auxin distribution during root
nodule development by using a DR5::GFP transformant of L. japonicus [12]. The accumulation
of auxin in the dividing cortical cells was positively regulated by the nodule inception (NIN),
transcription factor in nodule development and was inhibited by a negative systemic regula‐
tory mechanism called autoregulation of nodulation. Moreover, auxin accumulation was
observed in uninoculated roots of the L. japonicus mutant spontaneous nodule formation 2 (snf2),
which has a gain-of-function mutation in LHK1 encoding the putative cytokinin receptor
LOTUS HISTIDINE KINASE 1. Therefore, it appears that auxins are involved in the division
of cortical cells and acts downstream of cytokinin signaling [12, 13] (Figure 1).

Figure 1. Effects of phytohormones on nodulation process in leguminous plants. Effects of phytohormones on nodu‐
lation process in leguminous plants. Auxin and cytokinin are required for cortical cell division and auxin acts down‐
stream of cytokinin signaling. Ethylene, gibberellin, and abscisic acid inhibit the cortical cell divisions and rhizobial
infection.

3. Cytokinins

Cytokinins have been found in all living cells of intact higher plants. Cytokinins play roles
ranging from minor to major throughout development, from germination to leaf and plant
senescence and modulate physiological processes important throughout the life of the plant,
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including photosynthesis and respiration [14, 15]. Cytokinins are also involved in as the control
of root architecture development, including root nodulation.

In Medicago polymorpha, the synthetic cytokinin 6-benzyl-amino-purine (BAP) significantly
increased the number of nodules [16]. In addition, BAP had a dose-dependent effect on
nodulation in P. sativum. High levels of BAP results in few, flat, pale nodules and abnormal
infection threads in wild-type P. sativum [17]. Expression of the alfalfa nodule-sepecific marker
gene MsENOD2 was induced by the exogenous application of a cytokinin in M. sativa [18]. The
exogenous application of BAP on M. sativa induced cortical cell divisions and the expression
of the early nodulin ENOD40 gene [19]. In G. max, the cytokinin trans-zeatin stimulated
nodulation at concentrations lower than 2.5 x 10-8 M, whereas at higher concentrations (5.0 x
10-8 M) it inhibited the formation of nodules [20]. Lohar et al. (2004) developed cytokinin-
resistant transgenic L. japonicus hairy roots by using cytokinin oxidase (CKX) genes from
Arabidopsis thaliana (AtCKX3) and maize (ZmCKX1), and showed that these roots had signifi‐
cantly reduced numbers of root nodules compared to control roots [21]. These reports suggest
that cytokinins play a significant role in nodule organogenesis.

Recent research has confirmed that cytokinin receptors also play a significant role in nodule
organogenesis [22-24]. The gain-of-function snf2 mutant of the L. japonicus cytokinin receptor
gene (LHK1) can form spontaneous nodules without rhizobial infection. This result indicates
that cytokinin signaling is indispensable for cell division and for initiating nodule development
[24]. In addition, L. japonicus plants homozygous for a mutation in the hyperinfected 1 (hit1)
locus exhibit abundant infection thread formation but fail to initiate cortical cell division in
response to rhizobial signaling [23]. In addition, RNA interference of the cytokinin receptor
homolog cytokinin response 1 (MtCRE1) led to the development of cytokinin-insensitive roots,
which showed an increased number of lateral roots and a strong reduction in nodulation [22].
Based on these reports, it has become clear that cytokinins act downstream of early NF
signaling to mediate nodule formation. Cytokinins may therefore be the most important
differentiation signal for cortical cell division and differentiation and for nodule organogenesis
(Figure 1).

Exogenous application of cytokinins enhanced nitrogenase activity in nodules at all stages [25].
Rao et al. (1984) reported that the stimulatory effect of cytokinins increased the efficiency of
nitrogen fixation. The application of cytokinins stimulated nitrate-induced nitrate reductase
activity in the dark. Stimulation of nitrate reductase by cytokinins was inhibited significantly 6-
methylpurine and cycloheximide, suggesting a requirement of RNA and protein synthesis [26].

4. Gibberellins

Gibberellins (GAs) are another important family of growth regulators in higher plants. GAs
are also involved in root nodule symbiosis. Mutants deficient in GA biosynthesis or signaling
develop dwarf phenotypes [27]. The GA-deficient mutants of P. sativum also developed
significantly fewer nodules than wild-type plants. The application of an exogenous GA
restored the nodule number in these mutants, although the addition of higher concentrations
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of GAs no longer restored nodule formation in these mutants. These results suggest that
reduced levels of root GAs significantly decrease the number of nodules, and that nodule
formation is considered to be strictly controlled by the GA concentration [28]. On the other
hand, GAs are downstream signals of NFs for root hair curling process and for formation of
infection pockets and infection threads at lateral root bases, and are essential for nodule
primordium formation and differentiation in Sesbania rostrata [29]. The application of GA3 at
concentrations from 10-7 to 10-4 M results in the formation of nodule-like structures in the roots,
and this response is sensitive to nitrogen levels [30]. Maekawa et al. (2009) also reported details
of the effects of GAs on root nodulation in L. japonicus. Exogenous application of GA3 (at more
than 10-8 M) inhibited the number of infection threads and nodules. In contrast, the formation
of both infection threads and nodules were stimulated by the application of Uniconazole-P,
an inhibitor of GA3 biosynthesis. Moreover, the degree of NF-induced root hair deformation
was attenuated by the application of GA3. The GA3-treated snf1 (a gain-of-function mutation
of calcium/calmodulin-dependent kinase, CCaMK) and snf2 (a gain-of-function mutation of a
cytokinin receptor) showed a significant reduction in the number of spontaneous nodules. The
cytokinin-dependent induction of NIN was suppressed by GA3 treatment. These results
suggest that GAs are involved in the cytokinin signaling pathway for nodulation in L. japonicus
[31] (Figure 1).

The F-box containing protein, SLEEPY 1 (SLY1), functions as a positive regulator in GA
signaling. In the presence of GAs, SLY1 interacts with negative regulators of GA signaling,
leading to the degradation of these negative regulators [32, 33]. The over-expression of L.
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The application of a GA decreased nodulation and nitrogen fixation under optimal growth
conditions [35]. However, in G. max under low soil temperature conditions, nodulation and
nitrogen fixation were decreased by GA3 treatment during early plant development, but were
increased during later development. The application of GA3 increased nodulation and nitrogen
accumulation after the early pod filling stage. These results suggest that GAs applied to
soybean seeds at the time of planting did not influence final grain and protein yield [36].

5. Ethylene

Ethylene is a gaseous phytohormone involved in fruit ripening, leaf and fruit abscission, ger‐
mination, seedling morphogenesis, root emergence, root hair elongation, promotion of flow‐
ering, senescence and stress response. Several studies have shown that ethylene production
can have a negative effect on nodule formation. For example, ethylene production significant‐
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ly increased in roots infected by rhizobia, and added exogenous ethylene can decrease the
number of nodules [37, 38]. In P. sativum, exogenous ethylene did not decrease the number of
infections per lateral root, but nearly all of the infections were blocked when the infection
thread was in the basal epidermal cell or in the outer cortical cells [38]. In addition, ethylene in‐
hibited all of the early plant responses that were tested, including the initiation of calcium
spiking in M. truncatula. This finding suggests that ethylene acts upstream or at the point of
calcium spiking in the NF signal transduction pathway [39]. Nodule formation can be stimu‐
lated by treatment of M. truncatula roots with aminoethoxyvinyl glycine (AVG) or Ag+, which
are inhibitors of ethylene synthesis and perception, respectively [40, 41]. The hypernodulation
phenotype of the sickle mutant of M. truncatula has been attributed to a mutation causing ethyl‐
ene insensitivity [42]. This mutant is defective in the ortholog of Arabidopsis ETHYLENE-IN‐
SENSITIVE 2 (EIN2), involved in ethylene signaling [43]. In L. japonicus, root nodule formation
was suppressed by 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of ethylene,
but was enhanced by AVG and silver thiosulfate [44]. These results suggest that an ethylene-
mediated signaling pathway is involved in the nodulation process, regardless of the nodule
type. Nukui et al. (2004) produced transgenic L. japonicus carried the mutated melon ethylene
receptor gene Cm-ERS1/H70A,  which confers ethylene insensitivity [45]. When inoculated
with Mesorhizobium  loti,  transgenic plants showed markedly higher numbers of infection
threads and nodule primordia in their roots than did control plants. This result is consistent
with the result reported for the sickle mutant of M. truncatula [42]. In addition, transcripts of
NIN increased in the inoculated transgenic plants as compared with levels in the wild-type
plants.  In leguminous plants,  the early stage of nodule development, including infection
thread formation and the emergence of nodule primordia, are likely to be negatively regulat‐
ed by ethylene signaling (Figure 1). In snf mutants, ethylene inhibits spontaneous nodulation.
Therefore, ethylene plays a role in nodule formation downstream of the cytokinin signaling
pathway [46]. However, ethylene may not play a significant role in nodule formation in all
species. In soybean plants that form determinate-type nodules, the application of exogenous
ethylene did not inhibit nodulation, and treatment with AVG or Ag+ did not increase nodule
number [38, 47-49]. In addition, ethylene leads to the formation of infection pockets and the in‐
itiation of nodule primordia in S. rostrata [50].

ACC deaminase catalyzes the degradation of ACC into ammonium and α-ketobutyrate. The
ACC deaminase gene (acdS) has been found in many rhizosphere bacteria [51, 52]. Through
the action of this enzyme, ACC deaminase-containing bacteria can reduce ethylene biosyn‐
thesis in plants. In M. loti, acdS was found in the symbiosis island, and the enhancing effect of
this gene on enhancing the nodulation of L. japonicus was demonstrated by using an M. loti
acdS disruption mutant [53]. ACC diaminase in Rhizobium leguminosarium bv. viciae has been
confirmed to enhance nodulation of P. sativm [54]. Reports concerning rhizobial strategies to
reduce the amount of ethylene synthesized in the host leguminous plant suggest the impor‐
tance of ethylene-mediated interactions in the establishment of symbiosis between the
partners, by decreasing the negative effect of ethylene on nodulation [55].
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6. Brassinosteroids

Brassinosteroids (BRs) are a group of plant steroid hormones that regulate a wide range of
physiological responses, including cell elongation, photomorphogenesis, xylem differentia‐
tion, and seed germination. BRs are present in the plants in extremely low concentrations, but
they are highly mobile within the plant. BRs supplied via the root system remarkably promoted
the elongation of cotyledon petioles and the hypocotyls of young radish and tomato plants
[56]. This study clearly demonstrated the mobility of BRs in the plant system.

In  addition,  application  of  BRs  affected  nodulation  and  nitrogen  fixation  in  groundnut
(Arachis hypogaea), pea and soybean [57-59]. In groundnuts, BRs enhanced the growth and
yield  of  the  plants,  and  the  growth  promotion  was  associated  with  enhanced  levels  of
nucleic acids, soluble proteins and carbohydrates [60]. The effect of BRs on nodulation and
nitrogen fixation was also investigated. Exogenous application of BR increased in nodula‐
tion. Foliar application of BRs also increased the nitrogenase activity [57]. The application
of 24-epibrassinosteroid also increased the nodule number, nodule fresh and dry mass, and
nitrogenase activity in relation to those of the control in pea [59]. In the hypernodulationg
En6500 mutant of the ‘Enrei’ soybean cultivar, the application of BR to the leaves not only
induced stem elongation but also repressed root nodule formation, depending on the dose.
However,  this effect was not observed in the wild-type. On the other hand, foliar treat‐
ment with brassinazole, an inhibitor of BR biosynthesis, increased the nodule number and
significantly reduced stem elongation in wild-type ‘Enrei’. These results suggest that BRs in
the shoots may contribute mainly to the regulation of nodule formation and that brassina‐
zole transferred to the shoot from the culture medium subsequently reduced the level of
endogenous BRs in the leaves [58]. From these results, BRs are clearly involved in nodula‐
tion and nitrogen fixation. The BR synthesis mutants lk and lkb exhibit a severe reduction
in level of bioactive BRs in the shoot [61, 62]. A reduction in BR levels in the roots has also
been confirmed for lkb [63]. These mutants lk and lkb and the BR response mutant lka also
have fewer nodules than wild-type plants. These mutants also have fewer and shorter lateral
roots. However, the average nodule dry weight increased significantly. Thus, although the
root system dry weight decreased, the average nodules dry weight increased. This finding
illustrated that nodule size is not simply a reflection of root system dry weight. Ferguson
et al. (2005) also suggested that BRs affect the nodulation mechanism of the shoot that is
involved in regulating the nodule numbers of the root [28]. They found that uniconazole-
P, which is a GA3 biosynthesis inhibitor, partially inhibits BR biosynthesis. In L. japnicus, the
application  of  BR  combined  with  Uniconazole-P  significantly  decreased  the  number  of
infection threads, compared with a treatment with uniconazole-P alone, but the decrease
was less significant than the decrease in GA levels. However, no significant effects on the
nodule number, and on shoot and root lengths, were observed. These results suggest that
uniconazole-P inhibits BR biosynthesis in the root hairs,  and thus lowers the number of
infection threads that develop [31] (Figure 1).
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7. Abcisic acid

Abcisic acid (ABA) plays crucial roles in plant growth, development and responses to
environment stresses such as cold, drought and high salinity. ABA has been reported to play
negative roles at different stages of nodule development. The application of ABA inhibited
nodulation in P. sativum [64], G. max [65, 66], L. japonicus [67], T. repens [67] and M. truncatula
[68]. ABA application to wild-type G. max and to a hypernodulation mutant, NOD1-3, reduced
both nodule numbers and isoflavonoid accumulation. It has been shown that isoflavonoids in
G. max are responsible for the activation of nodulation, thus ABA could have an indirect role
in nodule organogenesis through its effects on isoflavonoid synthesis. The effect of ABA on T.
repens and L. japonicus, which form indeterminate and determinate type nodules respectively,
was examined. Both leguminous plants showed a decrease in nodule numbers in response to
ABA application. Similarly, after the application of abamine, an ABA biosynthesis inhibitor,
nodule number increased in L. japonicus. The application of ABA on T. repens blocked root hair
deformation at the stage between root hair swelling and curling [67]. In addition, ABA
treatment inhibited infection thread formation in L. japonicus and M. truncatula [68, 69].
Moreover, calcium spiking after NF perception was inhibited by ABA treatment in M.
truncatula [68]. Phillips (1971) found that exogenous ABA inhibited root nodule formation by
inhibiting the cytokinin-induced cortical cell divisions required for nodule initiation [64].
These results suggest that ABA controls root nodulation by regulating root hair deformation,
infection thread formation, and cytokinin-induced cortical cell division in leguminous plants
(Figure 1).

The nitrogenase activity of nodules treated with ABA was lower than in untreated wild-type
in Phaseolus vulgaris [70] and P. sativum [71]. In P. sativum, ABA application stimulated an
abrupt stress situation of severe drought which led to leghemoglobin reduction. Thus, an effect
of ABA on nodule oxygen diffusion might also be involved in the decline of nitrogen fixation.
The enhanced nitrogen fixation1 (enf1) mutant of L. japonicus was isolated by screening L. japonicus
seedlings for survival on an agar medium containing 70 µM ABA. The enf1 mutants showed
both increased root nodule numbers and enhanced nitrogen fixation activity. The low ABA
sensitivity of the enf1 mutants was caused by lower endogenous ABA concentration. Moreover,
nitrogen fixation activity in the enf1 mutants increased as a result of decreased nitric oxide
production in the nodules [72].

The role of ABA in autoregulation of nodulation was investigated in the G. max hypernodu‐
lation mutant nts382. The basal levels of ABA in the roots of wild-type G. max cv. ‘Bragg’ were
higher than those in nts382, regardless of Bradyrhizobium inoculation. The ABA concentration
in the shoot increased at the onset of autoregulation in ‘Bragg’ but not in nts382. The ABA-to-
cytokinin ratio in the roots was also consistently higher in ‘Bragg’ than in nts382. This phyto‐
hormone ratio had been suggested to be involved in root-to-shoot signaling and
photosynthetic gas exchange in M. sativa [73]. A model was proposed to explain the possible
influence of the ABA-to-cytokinin ratio in autoregulation of nodulation. However, Biswas et
al. (2009) proposed that ABA was not directly involved in the systemic autoregulation of
nodulation, because an ABA insensitive mutant of L. japonicus cv. ‘Beyma’ did not exhibit
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altered autoregulation of nodulation, and the application of ABA on one side of the roots
inhibited nodulation locally but not systemically in a split-root experiment [74].

8. Salicylic acid

Salicylic acid (SA) is involved in plant responses to pathogen, and its mode of action has been
well characterized. SA is an inducer of systemic acquired resistance in the defense responses
to pathogen attacks. In terms of the interaction between plants and rhizobia, several reports
have shown that SA strongly inhibits nodulation and nodule development, leading to
decreased nitrogen fixation activity. When M. sativa was inoculated with compatible Rhizobi‐
um meliloti, SA levels in the roots either decreased or remained close to their basal levels.
However, when M. sativa was inoculated with incompatible Rhizobium leguminosarum or the
nod mutant of R. meliloti, that was defective in NF biosynthesis, SA accumulated in roots. These
results suggest the involvement of NFs produced by compatible rhizobia in the inhibition of
the SA-mediated defense in leguminous plants [75]. In another study, inoculation of P. sativum
sym30 mutant (nod-) with compatible R. leguminosarum increased SA levels in the roots.
Similarly, SA accumulation in the roots was found in P. sativum inoculated with a NodC-

mutant. However, SA levels in roots either remained at the basal level or decreased when P.
sativum plants were inoculated with compatible R. leguminosarum. These results suggest that
the sym30 gene could be involved in a common pathway that leads to the suppression of an
SA-dependent defense mechanism in leguminous plants against compatible rhizobia, thus
allowing establishment of the symbiosis [76]. van Spronsen et al. (2003) found that SA
application completely inhibited the formation of indeterminate-type nodules in Vicia sativa
subsp. nigra and P. sativum [77]. However, SA application did not inhibit the formation of
determinate-type nodules in L. japonicus, Glycine soja, G. max and P. vulgaris. On the other hand,
SA application at higher concentrations decreased the number of determinate-type nodules
and the dry mass of G. max seedlings, leading to a low photosynthetic rate and decreased
nitrogen fixation [78]. The inhibitory effect of SA on the nodulation of hypernodulating
soybean mutants NOD1-3 and NOD2-4 was significantly less pronounced than that in wild-
type soybean. These results indicate that SA is directly involved in signal transmission in the
autoregulation [79]. In addition, when endogenous SA levels were modulated through the
transgenic expression of salicylate hydroxylase (NahG) in both L. japonicus and M. truncatula,
a marked reduction in SA levels was correlated with an increase in the number of infections
and the number of nodules [80]. These results suggest that endogenous SA levels affect
nodulation in both determinate and indeterminate-type nodule-forming species.

9. Jasmonic acid

Jasmonic acid (JA) is also involved in plant defenses against pathogens and in wound re‐
sponses. JA has been reported to be a negative regulator of nodulation. In L. japonicus, shoot-
applied methyl jasmonate (MeJA) strongly suppressed nodulation, including infection thread
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formation and NIN gene expression in wild-type plants and even in the har1 hypernodulation
mutant [81]. In M. truncatula, nodulation was strongly inhibited in a growth medium contain‐
ing JA. A high JA concentration significantly decreased the plant’s responsiveness to NFs,
resulting in a lower number of root hairs that exhibited calcium spiking. In addition, JA
inhibited the expression of the early rhizobium-responsive genes, RIP1 and ENOD11 [82]. In
contrast, the JA concentration in leaves of a G. max hypernodulating nts mutant was higher
than in those of wild-type G. max under natural growth conditions. In addition, transcription
levels of JA responsive genes increased in the hypernodulating nts mutant, which suggests
that the nts mutation induces changes in certain pathways, including JA synthetic metabolism,
resulting in the activation of JA-responsive genes [83]. Kinkema and Gresshoff (2008) also
showed that the expression of JA biosynthetic and responsive genes in the leaves of wild-type
G. max is normally suppressed by inoculation with rhizobia, but not suppression was seen in
a hypernodulating nts mutant. Furthermore, foliar application of n-propyl gallate, a JA
biosynthesis inhibitor, significantly decreased nodulation specifically in the hypernodulating
nts mutant [84]. Recently, Suzuki et al. (2011) reported that nodulation was enhanced by
treatment with a low concentration of JA. Both infection thread formation and nodulation were
increased by JA treatment of wild-type L. japonicus grown under low red/far-red (R/FR) light
condition. These results indicate that nodulation is photomorphogenetically controlled by
sensing the R/FR ratio through JA signaling [85]. Therefore, JA functions as a positive regulator
of nodulation over a certain range of concentrations in these plant species. Previous studies
have shown that JA can act as a signal molecule in the early stages of the development of
leguminous plants-rhizobia symbioses; for example, it induces the expression of the nod genes
in B. japonicum [86] and Rhizobium [87]. However, it is unclear whether the plant responses,
rhizobial responses or combination of both responses are responsible for the positive effects
of JA on nodulation. Suzuki et al. (2011) also found that nodulation was suppressed in the roots
of a phytochrome B (phyB) mutant of L. japonicus that had not only decreased levels of photo‐
assimilates but also a reduced concentration of JA-Ile (the active JA derivative). In fact, the
number of root nodules in the phyB mutant was restored by JA treatment, providing further
evidence that JA can act as a positive regulator of nodulation in leguminous plants [85].

10. Strigolactones

Strigolactones (SLs) have been identified as phytohormones that are involved in the regulation
of shoot branching in plants and thus have been suggested to be ubiquitous in the plant
kingdom [88]. SLs are released by roots into the rhizosphere, and appear to stimulate germi‐
nation of the seeds of parasitic plants such as Striga spp. and Orobanche spp. [89]. Recently,
they have been shown to play key roles as signaling compounds in the interaction between
plants and arbuscular mycorrhizal fungi [90]. Interestingly, SLs also increase nodulation in M.
sativa, P. sativum and L. japonicus [91-93]. In M. sativa, treatment with the synthetic SL analogue
GR24 clearly increased nodulation. When M. sativa plants were treated with GR24, the
biosynthesis and the metabolism of the SLs increased, thus, resulting in an enhanced formation
of indeterminate-type nodules [91]. The SL deficient rms1 mutants of P. sativum also produce
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fewer nodules than wild-type plants. Treatment with GR24 elevated nodule number in wild-
type P. sativum and also elevated nodule number in rms1 mutant to a level similar to that seen
in untreated wild-type plants. These results indicated that endogenous SLs increase nodula‐
tion in P. sativum [92]. The role of SLs in L. japonicus was studied by using transgenic lines in
which CAROTENOID CLEAVAGE DIOXYGENASE 7 (LjCCD7), an orthologue of Arabidopsis
More Axillary Growth 3, was silenced. Silencing of LjCCD7 is expected to reduce SL levels. The
plants with silenced LjCCD7 produced fewer nodules than control plants; this suggests that
SLs have a slight positive effect on the formation of determinate nodules [93].
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1. Introduction

Dinitrogen  (N2)  comprises  almost  80%  of  the  atmosphere.  The  triple-bonded  molecule
cannot be used directly by higher plant. The element nitrogen, or “azote,” meaning “with‐
out life,” as Antonie Lavoisier called it  about 200 years ago,  has proved to be anything
but lifeless, since it is a component of food, poisons, fertilizers, and explosives (Schoot Ui‐
terkamp 1990). The atmosphere contains about 1015 tonnes of N2 gas, and the nitrogen cy‐
cle involves the transformation of some 3 × 109  tonnes of  N2 per year on a global basis
(Postgate  1982).  However,  transformations  (e.g.,  N2  fixation)  are  not  exclusively  biologi‐
cal.  Lightening probably accounts for about 10% of the world’s supply of fixed nitrogen
(Sprent and Sprent 1990).  The fertilizer industry also provides very important quantities
of  chemically  fixed  nitrogen.  World  production  of  fixed  nitrogen  from  dinitrogen  for
chemical  fertilizer  accounts  for  about  25% of  the Earth’s  newly fixed N2,  and biological
processes account for about 60%. Nitrogen availability is probably the second most limit‐
ing factor in agricultural production, second only to water availability (Date 2000). The le‐
gume-Rhizobium  symbiosis  is  the  single  most  important  source  of  biologically  fixed
nitrogen in agricultural  systems (Graham and Vance 2000).  Since it  is  a  biological  proc‐
ess, it does not depend on external sources of energy, except for free and renewable sun‐
light, and has few detrimental ecological effects (Phillips 1999).

2. Importance of biological nitrogen fixation by legumes

The legume-Rhizobium symbiosis allows many species to obtain their nitrogen nutrition
from N2. This has been known since the Greeks discovered the value of legumes in enhanc‐

© 2014 Abd-Alla et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



ing soil fertility, some 2300 years ago. Since 1888 it has been known that this is due to the
nodules on legume roots and the bacteria in them (Date 2000). This nitrogen fixation is very
hard to quantify in economic (Lanyon 1995) or ecological terms (Hoglund and Brock 1987),
but is estimated to be responsible for between 45% (Danso 1995) and 85% (Vance et al. 1988)
of the biological nitrogen fixation in agricultural areas. Biological nitrogen fixation (BNF)
has the advantage of being environmental friendly and therefore would be ideal for sustain‐
able agriculture. Biological nitrogen fixation, a key source of N for farmers using little or no
fertilizer, constitutes one of the potential solutions and plays a key role in sustainable grain
legumes production. Given the high cost of fertilizer in developing countries and the limited
market infrastructure for farm inputs, current research and extension efforts have been di‐
rected to integrated nutrient management, in which legumes play a crucial role (Chianu et
al. 2008). Certain microorganisms have the ability to use the renewable source of energy to
fix atmospheric nitrogen under mild conditions, such as normal temperature and normal
pressure. Nitrogen fixation is a key process in which molecular nitrogen is reduced to form
ammonia, which is the form of nitrogen that is used by living systems for the synthesis of
many bioorganic compounds. Biologically-fixed nitrogen could be directly “absorbed” by
plants and keep the environment almost “untouched”. Crop rotation with legumes has been
recognized to increase soil fertility and agricultural productivity since ancient China and
Rome (Cheng 2008). Rhizobia live in the rhizosphere of leguminous plants such as soybeans
and faba bean, forming colonies that produce root nodules (Foth 1990). Biological nitrogen
fixation is an oxygen dependent reaction and therefore is prevalent in legumes growing in
aerated, upland soils. Currently, approximately 2 tons of industrially-fixed nitrogen are
needed as fertilizer for crop production to equal the effects of 1 ton of nitrogen biologically-
fixed by legume crops. Therefore, biologically-fixed nitrogen influences the global nitrogen
cycle substantially less than industrially-fixed nitrogen. One day, this situation needs to be
changed. Research in this field has pivotal importance and would be significantly beneficial.

Inoculation with compatible and appropriate rhizobia may be necessary where a low popu‐
lation of native rhizobial strains predominates and is one of the solutions which grain le‐
gume farmers can use to optimize yields. It is critical for sustained yield in farmlands
deficient in native rhizobia and where N supply limits production. Research on use of Rhi‐
zobium inoculants for production of grain legumes showed it is a cheaper and usually more
effective agronomic practice for ensuring adequate N nutrition of legumes, compared with
the application of N fertilizer (Chianu et al 2008). The major findings are: (1) complete ab‐
sence of or very weak institutions, policy and budgetary support for biotechnology research
and lack of its integration into wider agricultural and overall development objectives, (2)
limited knowledge of inoculation responses of both promiscuous and specifically nodulat‐
ing legume varieties as well as the other factors that inhibit BNF, hence a weak basis for de‐
cision-making on biotechnology issues, (3) limited capacity and lack of sustainable
investment, (4) poorly developed marketing channels and infrastructure, and limited in‐
volvement of the private sector in the distribution of inoculants, and (5) limited farmer
awareness about and access to (much more than price) inoculants. The lessons learned in‐
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clude the need: (1) to increase investment in Rhizobium inoculation technology development,
and strengthen policy and institutional support, (2) for public private partnership in the de‐
velopment, deployment and dissemination of BNF technologies, (3) to develop effective
BNF dissemination strategies (including participatory approach) to reach farmers, and (4)
for greater emphasis on capacity building along the BNF value chain. According to an FAO
report, production of N fertilizer for 2007 was 130 million tons of N, and this should further
increase in the coming years (FAO 2008). This extensive use has certain drawbacks. A pro‐
portion of added fertilizer is lost as a result of denitrification and leaching of soil by rainfall
and irrigation. In addition, leaching leads to water pollution is caused by eutrophication. As
a consequence, extending application of biological nitrogen fixation by any means is an im‐
portant issue.

The legume-Rhizobium symbiosis is the single most important source of biologically fixed ni‐
trogen in agricultural systems (Graham and Vance 2000); although under some conditions
free-living and associative systems are important (Phillips 1999). Since it is a biological proc‐
ess, it does not depend on external sources of energy, except for free and renewable sun‐
light, and has few detrimental ecological effects (Phillips 1999). Conversely, chemical
nitrogen fixation depends on fossil fuels (generally natural gas), both as an energy source
and as a reductant source (Braswell et al. 1997). In addition, extensive use of nitrogen based
fertilizers tends to be inefficient, with absorption by the crop ranging from 20 to 50 % of ap‐
plied nitrogen (Graham and Vance 2000). Much of the nitrogen not absorbed by crops can
find its way into ground water, lakes and rivers, where it poses both health and environ‐
mental problems (Graham and Vance 2000). Since the legume-bacteria symbiosis is so im‐
portant in agriculture, even a slight increase in its efficiency, in terms of total nitrogen
fixation, would have a major impact a global nitrogen inputs, and increase the efficiency of
production for the corresponding cropping system (Phillips 1999). The interaction between
legumes (Leguminosae) and bacteria in the family Rhizobiaceae leads to the development of
a nitrogen-fixing symbiosis (Ohyama et al. 2009). Several environmental factors can adverse‐
ly affect the performance of symbiotic nitrogen fixation by legumes. These factors can inter‐
vene at the following levels: survival of rhizobia in the soil, the infection process, nodule
growth and nodule function. Also, these factors can affect N2 fixing performance indirectly
through their effects on host plant growth.

3. Effect of harsh environmental conditions on survival of rhizobia in
agroecosystems and process of nodulation and nitrogen fixation of
legumes

Rhizobia is the common name given to a group of small, rod-shaped, Gram-negative bacte‐
ria that collectively have the ability to produce nodules on the roots of leguminous plants
and belong to the family Rhizobiaceae, which are part of the α-proteobacteria. In early stud‐
ies, the taxonomy of rhizobia was based on the rate of growth of isolates on laboratory me‐
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dia and their selective interaction with their plant hosts. It was soon established that no
strain could nodulate all plants, but that each could nodulate some legumes though not oth‐
ers (Long 1989). This led to the concept of cross-inoculation groups, with organisms group‐
ed according to the hosts they nodulated. Within the genus Rhizobium several strains
nodulate a common host, but are distinct according to genetic and/or phenotypic properties
and are therefore classified as distinct species (e.g. R. tropici and R. etli). For a time this was
the basis on which rhizobia were identified. However, developments in molecular biology
and advances in bacterial taxonomy (Graham et al. 1991) have resulted in a rhizobial taxono‐
my based on a wide range of characteristics and to the distinction of new genera and spe‐
cies. Rhizobia were confined to the Alphaproteobacteria, namely in the order Rhizobiales.
The Alphaproteobacteria class comprises 11 genera that include bacteria able to induce nod‐
ule formation in legume plants: Agrobacterium, Allorhizobium, Azorhizobium, Bradyrhizobium,
Devosia, Mesorhizobium, Methylobacterium, Ochrobactrum, Phyllobacterium, Rhizobium and Ensi‐
fer (Euzéby 1997). Agrobacterium genus has been proposed by Young et al. (2001) to be
emended and reclassified as Rhizobium. The members of the genus Sinorhizobium were trans‐
ferred to the genus Ensifer by decision of the Judicial Commission of the International Com‐
mittee on Systematics of Prokaryotes (Tindall 2008). Three additional genera belonging to
the Betaproteobacteria class were recently added to the list of genera containing rhizobia spe‐
cies, namely, Burkholderia (Moulin et al. 2001), Cupriavidus (Chen et al. 2001,2003) and Her‐
baspirillum (Valverde et al. 2003). It is noteworthy to mention that these 14 genera also
include a variety of non-symbiotic bacteria. More recently a member of the γ-proteobacteria
has been found that also nodulates legumes (Benhizia et al. 2004).

When studying any living organism, it is important to know how each species grows and
responds to certain conditions that can be found in their natural environment. Ascertaining
how bacteria respond to environmental signals, or stressful conditions, is a vital part to un‐
derstanding how those microbes live, thrive and survive. Every bacterium has optimum
conditions that make this process easier, however in order to survive in a changing environ‐
ment (or some other form of stress) the bacteria must be able to adapt. This adaptation is a
stress response. Two types of stress responses operate in microorganisms: the general stress
response and specific stress responses. The general stress response is normally controlled by
a single or a few master regulators (Bremer and Krämer 2000) and provides cross-protection
against a wide variety of environmental cues, regardless of the initial stimulant (Hecker et
al. 1996; Hecker and Völker 1998). This response is effective in allowing the cell to survive,
but it may not be enough to let the cell grow under the stressful conditions (Bremer and
Krämer 2000). Under prolonged stress conditions cells employ specific stress responses,
which utilize highly integrated networks of genetic and physiological adaptation mecha‐
nisms (Bremer and Krämer 2000). Usually, there is also a complex relationship between cel‐
lular response systems and global regulators, adding another level of control to the cell’s
emergency stress response and long-term survival reactions (Hengge-Aronis 1999). Al‐
though the above description is usually what happens, not all general responses occur im‐
mediately on stressful stimuli as some activate on entry into stationary phase; likewise some
specific stress response are induced as soon as stress is detected.
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3.1. Temperature

3.1.1. Survival of Rhizobia

Soil environmental conditions are critical factors to the persistence and survival of rhizobia
in the soil. The changes in the rhizospheric environment can affect both growth and sapro‐
phytic competence, which will influence competitiveness and persistence (Dowling and
Broughton 1986). In arid and semiarid regions of the tropics, the soil temperatures near the
surface can be very high. In Egyptian sandy soils, the temperature near the soil surface was
59 °C at the air temperature 39°C. However, the soil temperature decreased rapidly with
depth, being moderate 35 °C, at 15 cm. It appears, however, that rhizobia are more resistant
to high temperatures in soil than in laboratory medium (AbdelGadir and Alexander 1997).
The study performed with Indian desert soils suggested that not the high soil temperature
but the low organic matter and poor soil moisture were the major factors that reduced the
numbers of different micro-organisms (Rao and Venkateswarlu 1983). Indeed, in drought-
affected Acacia senegal soils the numbers of culturable rhizobia were significantly reduced,
approximately from 107 to 106 cfu g-1. In conclusion, one can assume that during the dry sea‐
son, the water deficit together with the high soil temperature will considerably decrease rhi‐
zobial numbers or cause a lack of rhizobia in the surface soils (0-10 cm). In order to improve
the yield of legumes in more adverse environments, stress-tolerant cultivars should be com‐
bined with stress tolerant rhizobia. Studies on rhizobia biodiversity are an important ap‐
proach to find more tolerant strains, even when non-adverse environments are sampled,
since populations often contain tolerant strains to non-acting stresses, as resilience to re‐
spond to future problems (Giller et al. 1997). The ability of rhizobia to persist in the absence
of their host plant is perhaps more dependent of their ability to endure adverse environmen‐
tal factors than during symbiosis, where the nodule represents a protective environment.

Environmental stresses especially during the period between inoculation of seeds and ger‐
mination impose severe problems to establishment of a successful symbiosis (Weaver and
Holt 1990; Weaver et al. 1985). Every bacterium has its own optimum conditions, under
which it grows at its best. For most rhizobia, the optimum temperature range for growth is
28 – 31 °C, and many are unable to grow at 37°C (Zahran 1999). Not only do the bacteria
themselves have an optimum temperature range, but the processes within them do as well.
Survival of Rhizobium leguminosarum, the microsymbiont of faba bean, may be affected main‐
ly by extremes in temperature. Differences in adaptation to high temperatures have been
demonstrated from different climatic zones. Eaglesham and Ayanaba (1984) reported that
more than 90 % of cowpea rhizobia isolated from hot dry Sahelian Savanna in Niger were
able to grow at 40 °C while the rhizobia isolated form cooler humid regions of West Africa
did not grow at this temperature (Bowen and Kennedy 1956; Munevar and Wollum 1981).
Some rhizobial strains isolated from nodules in arid environments are able to grow at 40 °C
or even higher (Eaglesham et al. 1981). Kluson et al. (1986) reported differences in the toler‐
ance of bradyrhizobia cultivated in liquid medium and in soil to temperatures within the
range of 20 to 35 °C. Gewaily et al. (1991) similarly reported that survival of Rhizobium legu‐
minosarum was significantly reduced at 40 °C when inoculated in sterile and non sterile soils.
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Baldani and Weaver (1992) attributed heat tolerance of Rhizobium leguminosarum biovar trifo‐
lii strains to cryptic plasmids. These plasmids induce the synthesis of heat shock proteins
upon exposure of bacteria above normal growth temperatures (Sen et al. 1990). Abd-Alla
and Abdel-Wahab (1995a) reported that Strain RCR 1001 was more resistant to heat and
nodulated faba bean better than other tested strains. Although strain adaptation to high
temperature has been reported, it has been associated with decreased effectiveness in estab‐
lishing symbiosis, mostly due to plasmid loss (Hungria and Franco 1993). Additionally, heat
stress has been shown to induce the synthesis of heat shock proteins in Rhizobium (Michiels
et al. 1994) and to modify lipopolysaccharide patterns and bacterial mobility (Zahran et al.
1994). Studies on rhizobia biodiversity are an important approach to find more tolerant
strains, even when non-adverse environments are sampled, since populations often contain
tolerant strains to non-acting stresses, as resilience to respond to future problems (Giller et
al. 1997). Temperature is often pointed out as the major factors in determining the bacterial
community diversity (Fierer and Jackson 2006; Staddon et al. 1998).

The optimum temperature for rhizobia growth is 25-30 °C (Zhang et al. 1995), however in
both saprophytic and symbiotic life rhizobia are often subject to temperatures out of this
range. Most studies in rhizobial temperature stress tolerance focus soybean and common-
bean microsymbionts. Soybean isolates grow weakly at 40 °C and no isolate was able to
grow at 45°C (Chen et al. 2002). Rhizobia nodulating P. vulgaris can survive to 47 °C, but
their symbiotic effectiveness is loss at high temperatures; while other isolates tolerant to 40
°C were able to remain infective at that temperature (Karanja and Wood 1988). Nandal et al.
(2005) reported that mutants tolerant to high temperature (43 °C), obtained from a thermo‐
sensitive Rhizobium sp. strain, exhibited a different protein profile from that of the wild type
at high temperature, namely the mutant strains showed overexpressed proteins and new
proteins. A protein of 63-75 kDa was overproduced in all mutant strains, which probably
corresponds to DnaK. In chickpea rhizobia, a 60 kDa protein that could correspond to
GroEL was found to be consistently overproduced when isolates were submitted to heat
stress (Rodrigues et al. 2006). Strains isolated from a chickpea wild relative (Cicer anatoli‐
cum), collected from high altitudes, were successful in nodulating chickpea at low tempera‐
tures, what represents an alternative source of chickpea nodulating rhizobia with potential
use as inoculants (Ogutcu et al. 2008). The changes in the population occupancy of some bra‐
dyrhizobia tested were in accordance with the geographical distribution of indigenous soy‐
bean-nodulating bradyrhizobia (Saeki et al. 2006). Saeki et al. (2010) reported that the
occupancies of bradyrhizobia in soil microcosms after long-term incubation may change de‐
pending on the incubation temperature. They suggest that soil temperature may be one im‐
portant environmental gradient determining bradyrhizobial niches from northern to
southern regions of Japan. Temperature stress is generally divided into two classes: heat
shock and cold shock. Bacterial heat shock is the more characterised of the two (Phadtare et
al. 2000). The heat shock response is very similar to the acid stress response, in that many
proteins with a similar mode of action are synthesised. Heat shock proteins contribute to
heat tolerance by conferring heat protection on the bacteria but do not alter the internal tem‐
perature of the cell (Yura et al. 2000). Like acid shock protein, there are two main types of
heat shock protein: chaperones and proteases. These work in the same way as the cid shock
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proteins. Heat shock proteins, and their regulation, structure and function, have been stud‐
ied in great detail. Their function appears to be highly conserved between both prokaryotes
and eukaryotes (Netzer and Hartl 1998). Some of these proteins are also vital under normal
(non-heat shock) growth conditions (Münchbach et al. 1999; Lentz 2004).

Cold shock is essentially the opposite of heat shock. Instead of proteins misfolding and de‐
naturing, cells undergoing cold shock have to contend with a loss of membrane and cytosol
fluidity and with the stabilisation of secondary structures of RNA/DNA (Phadtare et al.
2000). RNA/DNA stabilisation leads to a decrease in the efficiency of translation, transcrip‐
tion and replication. Bacterial cold shock response is an immediate and transient response to
the temperature downshift. This is followed by low temperature adaptation that allows con‐
tinued growth at low temperatures (Panoff et al. 1997). Generally, bacteria overcome loss of
fluidity by increasing the amount of unsaturated fatty acids in the membrane phospholipids
(Phadtare et al. 2000). Cold shock response also leads to the production of many cold shock
proteins (CSPs). Just like ASPs and HSPS, these too are mainly chaperones and proteases
(Phadtare et al. 2000). However, instead of protecting against the misfolding of proteins, the
CSP chaperones are primarily used to bind to RNA/DNA to prevent stabilisation and allow
translation and transcription to proceed as usual (Phadtare et al. 2000). CspA is an RNA
chaperone and a major CSP found in many bacteria (Jiang et al. 1997). A CspA homologue is
present in Sinorhizobium meliloti and is induced following a temperature downshift from 30
to 15 °C, along with the three rRNA (rrn) operons. It is unknown what function the genes
and products of the rrn operons or CspA have in response to cold shock, as mutations made
in these genes showed no change in cell phenotype at 15 °C compared to the wild-type
(O’Connell et al. 2000; Gustafson et al. 2002). TypA is also required for growth at low tem‐
peratures and is believed to act as a regulator by controlling the phosphorylation of proteins
(Kiss et al. 2004). Expression of several heat shock operons, mainly coding for small heat
shock proteins, is under the control of repression of heat shock gene expression in various
rhizobial species (Nocker et al. 2001). The molecular bases of temperature stress tolerance in
rhizobia were investigated, by comparing the expression of chaperone genes dnaKJ and
groESL in thermotolerant and thermosensitive isolates. Tolerance to cold, heat and heat
shock was evaluated for 53 mesorhizobia (Alexandre and Oliveira 2011). The analysis of the
dnaK and groESL expression by Northern hybridization, using isolates from three species
groups, showed an increase in the transcripts levels with heat, but not with cold stress. Lar‐
anjo and Oliveira (2011) reported that under heat stress a protein of approximately 62 kDa
was newly detected in Mesorhizobium chacoense. The over expression of a 62 kDa protein in
Mesorhizobium huakuii and Mesorhizobium septentrionale was controlled groEL expression and
increased upon heat shock. Interestingly, a 62 kDa protein, the NdvCprotein, has been de‐
scribed as important in osmoregulation, associated with symbiotic systems in B. japonicum
(Bhagwat et al. 1996). Further studies are required to elucidate the function of overexpressed
genes in order to clarify their role in environmental stress tolerance of rhizobia, as well as
their contribution to symbiotic effectiveness (Alexandre and Oliveira 2012).
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3.1.2. Rhizobium- Legume molecular signalling exchange

Molecular signalling in the rhizosphere controls the nature of relationships between plants
and other soil organisms. For instance, legume-derived signals, such as betaines and isofla‐
vonoids, function by chemoattracting rhizobia and trigger the events that lead to endosym‐
biosis. The molecular signalling exchange between both microsymbiont and legume is
fundamental for an effective legume-rhizobium symbiosis and can determine the specificity
of this symbiotic relationship. Production of Nod factors or lipo-chito-oligosaccharide sig‐
nalling molecules by the prokaryotic partner is activated by the release of plant phenolic sig‐
nals, mainly flavonoids, into the rhizosphere. The phenolic flavonoid compounds partly
determine the specificity of the symbiotic relationship as each Rhizobium species responds to
specific flavonoids. Another determinant of host symbiont specificity is attributed to the dif‐
ferent Nod factors substituents attached to the oligosaccharide backbone (Dénarié et al.
1996; Oldroyd 2001). Production of Nod factors or lipo-chito-oligosaccharide signalling mol‐
ecules by the prokaryotic partner is activated by the release of plant phenolic signals, mainly
flavonoids, into the rhizosphere. The phenolic flavonoid compounds partly determine the
specificity of the symbiotic relationship as each Rhizobium species responds to specific flavo‐
noids. Another determinant of hos symbiont specificity is attributed to the different Nod
factors substituents attached to the oligosaccharide backbone (Dénarié et al. 1996; Oldroyd
2001). Most rhizobia species interact with only a few select legumes, but some have been
shown to have a broad host range (Pueppke and Broughton 1999). For example, the strain
Ensifer sp. NGR234 is able to nodulate over 120 plant genera, including the non-legume Par‐
asponia andersonii. This feature may depend up on the family of Nod factors secreted, which
are more diverse than in all other rhizobia known (Schmeisser et al. 2009) and in the concen‐
tration of Nod factors released by the NGR234 that is much higher than usual. More recent‐
ly, M. opportunistum WSM2075 was isolated from Biserrula pelecinus root nodules, but the
symbiotic genes of this organism provide a broader range of hosts for nodulation, including
also Astragalus adsurgens, A. membranaceus, Lotus peregrinus and Macroptilium atropurpureum
(Nandasena et al. 2009). On the other hand, there are legumes species that can be nodulated
by several rhizobia species and others that are very restrict for nodulation and only accept
as microsymbionts a reduced number of species. For example, Phaseolus vulgaris is known as
a promiscuous host, since it can be nodulated by rhizobia belonging to diverse genera (such
as Bradyrhizobium, Rhizobium and Ensifer) while Cicer arietinum is considered a restrict host,
because it is nodulated only by Mesorhizobium species. Nevertheless, the host range depends
on the legume cultivar used and conditions tested (Martinez-Romero 2003).

Temeprature play a critical role on the exchange of molecular signals between rhizobia and
their host, thus reducing nodulation. Low temperature inhibits inter-organismal signaling
between the two symbiotic partners. It has been shown that low temperature inhibits the bi‐
osynthesis and rhizosecretion of plant to-bacteria signal molecules (for example genistein
from soybean roots, which are necessary for the induction of the nod genes of B. japonicum
(Zhang and Smith 1997; Abd-Alla 2001, 2011). Low temperature also inhibit the induction of
bacterial nodulation genes (nod gene) required for the biosynthesis of bacteriato-plant sig‐
naling molecules, lipo-chitooligosaccarides (LCOs), the so-called Nod factors (Zhang et al.
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1995). The disruption of Nod factor production/excretion at low temperature incubations
has been previously reported in R. leguminosarum bv. trifolii (McKay and Djordjevic 1993),
and in B. japonicum (Duzan et al. 2005). Low temperatures delay the onset of nodulation
(Pan and Smith 1998) and reduce the rate of subsequent nodule growth, resulting in effects
on small final nodule size (de Lira Juniora et al. 2005). The presence of appropriates flavo‐
noids in root exudates is a critical factor in nodule formation (Richardson et al. 1988 a,b) and
dictate rhizobia legume specificity. The nodulation status of the pea (Pisum sativum L.) was
most profoundly improved via the addition of the flavonoid naringenin (Bandyopadhyay et
al. 1996), possibly via the induction of nod gene expression in R. leguminosarum. In the soy‐
bean-B. japonicum symbiosis, Kosslak et al. (1987) reported that genistein was the most effec‐
tive inducer for the expression of the nodYABC operon of B. japonicum. Exogenous
application of genistein results in the short circuiting of plant-bacterium signaling, and has
been confirmed as an effective means to mitigate the adverse effects of low temperature on
nodulation and nitrogen fixation (Zhang and Smith 1997). Pre-incubation of B. japonicum
with genistein hastened the onset of nitrogen fixation, and increased the number and size of
the nodules and plant growth. Additionally, this beneficial effect of genistein increased with
decreasing temperature (Zhang et al. 1995). Firmin et al. (1993) and Ovtsyana et al. (1999)
observed that nodule formation on cv. Afghanistan inoculated with R. leguminosarum bv.
viciae is at least partly controlled by Nod-factors that carry a modification on the reducing
terminus (an acetyl group encoded by the acetyl transferase NodX ) as well as by a single
genetic locus sym2A in the host-plant. R. leguminosarum bv. viciae strains producing Nod
factors lacking this modification cannot nodulate these pea plants at low temperatures.
Somehow, blockage of nodulation is overcome at higher temperatures suggesting a temper‐
ature-sensitive gene-for-gene relationship between nodX and sym2A (Kozik et al. 1995; Lie
1984; Olsthoorn et al. 2000). There is, however, little information available about the effect of
high temperature on Rhizobium- Legume molecular signalling exchange, additional studies
are required.

3.1.3. Rhizobia-legume nodulation and nitrogen fixation

The interaction between Rhizobium and host legume results in the formation of root nodules.
The relation between rhizobia and legume is a selective one: individual species of rhizobia
have a distinct host range, from narrow to broad, allowing nodulation of a particular set of
leguminous species. Also, a particular leguminous species can be infected by a certain range
of rhizobia. Development of functional nodules requires temporally and spatially controlled
activity of genes and gene products of both partners (Oldroyd et al. 2001). The Rhizobium-
legume interactions are controlled by signal exchange between the two partners. Legumes
secrete specific flavonoid-type molecules (Gagnon and Ibrahim 1998). These compounds are
main components in the chemical communication between symbiotic legumes and different
species of nitrogen-fixing bacteria leading to nodule formation and N2 fixation (Werner
2001). Flavonoid perception attracts the specific rhizoba to the root hairs and activates nodu‐
lation (nod) gene expression, via the bacteria activator NodD (Lindström et al. 2002). NodD
activates transcription of nod boxes promoters, and represents the first level of host-specific
recognition (Schultze and Kondorosi 2008). The nod genes expression lead to the production
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of strain-specific lipo-chito-oligosaccharides, also called as Nod factors (Spaink 2000). Nod
factors are considered the second level of host-specific recognition (Perret et al. 2000). Nod-
factors induce various plant responses, including root-hair deformation, cortical cell-divi‐
sion, ‘pseudo-nodule’ and nodule-formation (Broughton et al. 2003). On production of Nod
factors, the rhizobia then surround and attach to the tip of root, causing the root to start to
curl (Yao and Vincent 1969). Rhizobia trapped in a curled hair, or between a hair and anoth‐
er cell, proliferate and begin to infect the outer plant cells, which in turn stimulates plant
cells to produce infection threads (Callaham and Torrey 1981). Rhizobia are released from
infection threads into the cytoplasm of plant cells. The Rhizobia are surrounded by plasma
membrane of plant origin and then briefly replicate their DNA and divide before stopping
both processes (Robertson et al. 1978). The membrane-enveloped rhizobia continue to divide
within the host cells before they differentiate into bacteroids and start to fix nitrogen (Roth
and Stacey 1989a, b). The endosymbiotic forms of the rhizobia are referred to as bacteroids
and begin to fix nitrogen by the action of the enzyme nitrogenase (Xi et al. 2000). Atmos‐
pheric nitrogen is converted into ammonia by bacteroids and is subsequently assimilated in‐
to the plant following its conversion to glutamine by glutamine synthase. Within the nodule
interior and the neighboring plant cells, essential nutrients are exchange between bacteroids
and plant cells through a symplastic and apoplastic pathway (Abd-Alla et al. 2000 a).

Temperature regulates the metabolism of the plant and the bacteria, as well as the plant–
bacteria association (Young et al. 2006). Sometimes, the sensitivity of the host toward low
temperature  affects  nitrogen  fixation  severely,  leading  to  an  abrupt  cut-off  at  tempera‐
tures where the bacterial cells can still grow and metabolize. Root hair infection is much
more temperature sensitive than nodule development (Hafeez et  al.  2000).  Naeem et  al.
(2008)  suggested  that  suboptimum  temperatures  affect  the  growth  of  bacteroids  even
within the nodule and also affect the cell-to-cell movement of the bacteroids. Most of the
work related to low soil temperature effects on signal exchange and nodulation has been
conducted by Smith group on soybean.  The root zone ternperatures blow 17.5 °C cause
reduction  and  delays  nodule  formation  and  the  onset  of  nitrogen  fixation  (Zhang  and
Smith 1996). Soil temperatures below 25 °C are prevalent in Canada until mid-June/mid-
July (Zhang and Smith 1994). This delay reduces the time during which there is nitrogen
fixation by more than 10 days (Zhang and Smith 1995). This leads to decline in total nitro‐
gen fixation and lower crop yield (Lynch and Smith 1994),  and can be at  least  partially
corrected by the addition of genistein (Zhang and Smith 1997; Pan and Smith 1998). It is
known, however, that low soil temperatures affect nodule initiation (Cordovilla et al 1999)
and function (Rice et  al.  1995).A greater concen in the tropical  zone,  but also important
during the peak of summer in temperate zones., is excessive soil temperature and its abil‐
ity to be an important limitation to nodulation and nitrogen fixation (Hungria and franco
1993; Boddey et al. 1997; Graham and Vance 2000). Hungria and Vargas (2000) note that
maximum soil  ternperature in the tropics regularly exceed 40 °C at 5 cm below the soil
surface and 50 °C at 1 cm. Such high temperatures can limit nodulation. The range for op‐
timal growth of legurnes dependent on nitrogen fixation have been recognized to be nar‐
rower than for nitrogen-fed legumes since at  least  (Hungria and Vargas 2000).  Elevated
temperature inhibited plant growth by diminishing net photosynthesis and nitrogen fixa‐
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tion (Aranjuelo et al. 2007). The optimum temperature for nodule formation is ranged be‐
tween 25 and 33 °C (Pankhurst and Sprent 1976), although decline in nitrogenase activity
have been recorded above 28 °C (Hungria and Franco 1993). High temperature might af‐
fect N2 fixation directly or indirectly. Direct inhibition by temperature is a consequence of
decreased  nodule  development  (Dart  and  Mercer  1965;  Piha  and  Munns  1987),  activity
(Meyer and Anderson 1959;  Piha and Munns 1987;  Hernandez-Armenta et  al.  1989) and
accelerated nodule aging. Indirect inhibition is related to temperature effects on root hair
formation depression, decrease of nodulation sites (Frings 1976; Jones and Tisdale 1921),
and modified adherence of bacteria to root hairs (Frings 1976). Moreover, Aranjuelo et al.
(2007)  observed that  high temperature  negatively  affected bacteroid  enzyme activity  re‐
gardless of water availability, although the inhibitory effect on the bacteroid fraction was
even greater.  The decrease in malate dehydrogenase activity was observed in plants ex‐
posed to elevated temperature suggests that malate should also be reduced. Malate deple‐
tion implies  that  less  carbon is  redirected to mitochondria and that  there is  less  energy
available for N2 fixation. The observed decrease in enzyme activity could be related to a
reduction of the total soluble protein of the bacteroid. The large (70%) reduction in solu‐
ble protein could affect nitrogenase protein responsible for N2  fixation activity. These re‐
sults show that the nodule bacteroid fraction was more sensitive to drought and elevated
temperature  than  the  nodule  plant  fraction.  Relatively  high  temperature  has  also  been
shown to influence infection, N2-fixation activity, and legume growth (Mohammadi et al.
2012) and has a strong influence on specific strain and cultivar interactions (Arayankoon
et al. 1990). Reduced nitrogenase activity in such nodules can also be explained on the ba‐
sis of these effects. It has been reported that there is considerable variation in the rhizo‐
bia strains in terms of survival and nodulation ability at high temperature (Michiels et al.
1994). Karanja and Wood (1988) found that a high percentage of the strains that persisted
at 45 °C lost their infectiveness. They attributed these losses to plasmid curing. It appears
that every legume and Rhizobium  combination has an optimum temperature relationship,
which is around 30 °C for clover and pea, between 35 to 40 °C for soybean, peanut and
cowpea, and between 25 to 30 °C for common bean (Long 2001).

3.2. Desiccation

3.2.1. Survival of Rhizobia

One of the most severe and widespread problems facing the crops production is the degra‐
dation of soil quality due to desiccation and salinity. In fact, almost 40% of the world’s land
surface is affected by salinity-related problems (Vriezen 2007). These two harsh environmen‐
tal conditions can have a dramatic impact on the endogenous soil bacteria (Fierer et al. 2003;
Han et al. 2005). Water, and its availability, is one of the most vital environmental factors to
affect the growth and survival of micro-organisms (Potts 1994). Desiccation is one of the
most common stresses soil microorganisms have to face so often. The responses of bacterial
cells to desiccation can be: shrinkage of the bacterial cytoplasm and capsular layers, increase
in intracellular salt levels, crowding of macromolecules, damage to external layers (pili,
membranes), changes in ribosome structure, and decrease in growth. Reactive oxygen spe‐
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cies can also damage proteins and DNA, leading to accumulation of mutations (Potts 1994).
Death of rhizobial cells during desiccation was suggested to associate with changes in mem‐
brane integrity (Bushby and Marshall 1977). It has been hypothesised that during dehydra‐
tion, the removal of water hydrogen bond to the phospholipid head groups of the
membrane decreases the spacing between adjacent lipids. Then, the membrane is converted
from the liquid crystalline into the gel phase already at room temperature. Subsequent rehy‐
dration results in a further phase transition of the membrane back to the liquid crystalline
phase. As consequence, the membrane barrier is disrupted, leading to leakage of mem‐
branes (Potts 1994: Welsh 2000). Desiccation tolerance is the ability of cells to undergo nearly
absolute dehydration through air drying, without being killed. This is the most severe water
deficit stress since the removal of the cell-bound water imposes such structural, physiologi‐
cal and biochemical stresses that cells must adapt or die (Billi and potts 2002).

Of particular importance to the crop production is the impact of these harsh environmental
conditions on the persistence and survival of rhizobia. The ability of rhizobia, to survive
desiccation depends on their ability to cope with radiation stresses, reactive oxygen species,
certain salts and solutes, and temperature extremes (Potts 1994; Billi and potts 2002; Ramos
et al. 2001). Desiccation stress can be differentiated into three main stages: drying, storage
and rehydration. These phases can be manipulated in several ways, namely, by the severity
and the speed of drying and rehydration and by the duration of storage. The consequences
of drying are fourfold: (i) the accumulation of salts and solutes, (ii) hyperosmotic stresses,
(iii) the distribuance of metabolism when a certain water activity has been reached, and (iv)
the accumulation of damage when the aqueous monolayer is removed from macromole‐
cules. The accumulation of damage during storage is comparable to that caused by ionizing
and UV radiation and damage by reactive oxygen species (Mattimore and Battista 1996;
Shirkey et al. 2000) when organisms are not metabolically active and thus unable to repair
any damage (Potts 1994). Finally, during rehydration, hypoosmotic stresses and the appear‐
ance of reactive oxygen species affect survival (Stead and Park 2000). A low survival of rhi‐
zobia occurs when drying was rapid (Bushby and Marshall 1976; Antheunissen and
Arkestein-Dijksman 1979). These results were confirmed by Mary et al. (1985, 1986) who
used Sinorhizobium meliloti RCR2011 to test survival after slow and fast drying with and
without the addition of salts. It was recorded that fast drying process resulted in a decrease
in survival of rhizobia in mineral soil (Chao and Alexander 1984). The reduction of water
content causes the accumulation of salts and other compounds that produce osmotic and
salt stress. High concentration of these compounds may be toxic and decrease the viability
of cells (Steinborn and Roughley 1975; Vriezen et al. 2006). Conversely, the accumulation of
certain compounds, including osmoprotectants and compatible solutes, may increase desic‐
cation survival (Fougere and Le Rudulier 1990; Gouffi and Blanco 2000; Madkour et al.
1990). Osmoprotectants are exogenous solutes that stimulate bacterial growth in an environ‐
ment with high osmolality, whilst compatible solutes are specific organic osmolytes that ac‐
cumulate in high amounts within a cell to counter a hyper-osmotic gradient, but do not
conflict with cellular functions (Miller and Wood 1996). Several compatible solutes have also
been shown to stabilise enzyme stability in cells under stressful conditions (Poolman et al.
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2002). Some compounds can function as osmoprotectants and compatible solutes, whilst
some can only function as one of these groups.

Many osmoprotectants are transported into the cytoplasm where they act as, or are convert‐
ed into compatible solutes (Hirsch 2010). Compatible solutes can be collected in high con‐
centrations (Bremer and Krämer 2000). Since only a limited number of compounds meet the
required criteria, the same compatible solutes are employed against hyper-osmosis through‐
out various bacteria (Braun 1997). Different compatible solutes work more effectively than
others within their bacteria; e.g. glycine betaine is more effective in S. meliloti and E. coli than
it is in Bacillus subtilis (Botsford and Lewis 1990); whilst proline is a compatible solute in E.
coli but not in rhizobia (Gloux and LeRudulier 1989). Also, the strength of hyper-osmolarity
can determine how the bacteria respond and what osmoprotectants are used (Breedveld et
al. 1990; Gouffi et al. 2000). In a similar way, the compound used to bring about hyper-os‐
mosis can stimulate a stronger stress response compared to others; e.g. generally sodium
chloride (NaCl) induced hyper-osmosis causes a stronger stress response then sucrose in‐
duced hyper-osmosis, due to the ionic nature of NaCl (Gloux and Le Rudulier 1989). Com‐
patible solutes can either by synthesized de novo, when required by the bacteria, or they are
accumulated from the environment, depending on the situation. Under conditions where os‐
motic upshift is severe and immediate, cells do not have the time required to synthesise
compatible solutes and so must acquire them from their environment. Reduction of water
activity below 0.53 inhibited the function of RNA polymerase (Brown 1990). The storage
phase is characterized by a slow decline in viable counts in rhizobia after slow drying. Mary
et al. (1985, 1986) noted that the better survival of Sinorhizobium during storage under desic‐
cation conditions from 22% to 67% than at 3% and 83.5% relative humidity. Similar trend
have been recorded in Bradyrhizobium (Mary et al. 1994; Boumahdi et al. 1999). Cell death
occurs at 83.5% relative humidity due to failure of intracellular enzymes. Antheunissen et al.
(1981) showed that when dried occur at slow rate, rhizobia can survive desiccation for up to
4 years. These long-term storage studies are rare, but they show that in the family Rhizobia‐
ceae, sinorhizobia can survive desiccation for years. A decline in viable cells during long-
term storage under desiccation conditions can be explained by the accumulation of oxygen-
and radiation-induced damage (Vincent et al. 1961; Mary et al. 1994). The rate of rehydration
has important consequences for repairing of accumulated damage and survival of bacteria.
Combined process of drying and fast rehydration resulted in rupture of the cell envelope.
Cells ruptured on the subpolar region which is also the region from which flagella originate.
A suggestion is made that the point where a flagellum emerges from the cell is a point of
weakness (Bushby and Marshall 1977; Salema et al. 1981). Slow rehydration of S. meliloti, R.
leguminosarum, and Pseudomonas putida from dried inoculant formulations provide higher
viable counts than did rapid rehydration (Kosanke et al. 1991). Chen and Alexander (1973)
reported that a higher percentage of drought-tolerant than drought-sensitive bacteria was
able to grow at low water activities. When these bacteria were grown in media with high
salt concentrations, bacteria generally became more tolerant of prolonged drought and they
persisted longer. In general, rhizobia do not, or cannot, synthesise their own solutes so use
uptake systems to accumulate them (Gloux and Le Rudulier 1989). However, Streeter and
Gonez (2006) reported that many rhizobia accumulate various carbohydrates such as treha‐
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lose, a disaccharide made up of two glucose molecules joined together by an α, α-1,1 link‐
age, is employed by many organisms to protect membranes and proteins from desiccation
stress. Rhizobia also accumulate trehalose, among other carbohydrates, and also betaine and
proline, in response to desiccation. Trehalose and sucrose are the only carbohydrates that
are synthesized de novo in response to stress. Bacteria can produce trehalose from glucose
6-phosphate and UDP-glucose (the OtsA–OtsB pathway), from glycogen-like α(1-4)-linked
glucose polymers (the TreY–TreZ pathway) and from maltose (the TreS pathway). The
TreYZ pathway is common to many rhizobia (Streeter and Bhagwat 1999), whereas the Ot‐
sAB and TreYZ pathways are found in R. leguminosarum bv. trifolii strain NZP561 (Mcintyre
et al. 2007). Cultured Bradyrhizobium japonicum USDA110 and B. elkanii were found to have
three enzymes for trehalose synthesis: trehalose synthase (TS), maltooligosyltrehalose syn‐
thase (MOTS), and trehalose-6-phosphate synthetase (Streeter and Gomez 2006). Trehalose
at relatively high concentrations is also present in B. japonicum bacteroids residing within
nodules, suggesting that these differentiated nitrogen-fixing cells are under stress. Addition
of trehalose to culture medium of B. japonicum at the time of desiccation stress had a signifi‐
cant positive effect on survival (Streeter 2003). Although it may not be practical to use treha‐
lose as a carbon source in inoculant production, it may be possible to engineer greater
trehalose accumulation in rhizobia to enhance their survival in response to dryness. Treha‐
lose may protect desiccated cells by their ability to form glasses under dry conditions, in this
way maintaining the native conformation of proteins and other macromolecules (Ramos et
al. 2001). Trehalose levels also increase in R. leguminosarum bv. trifolii TA1 cells as they en‐
counter osmotic stress (Streeter 1985; Breedveld et al. 1993). R. leguminosarum bv. trifolii
strain NZP561 accumulates trehalose upon entry into stationary phase (Mcintyre et al. 2007),
but in this rhizobial strain, trehalose synthesis is constitutive and modified post transcrip‐
tionally rather than induced as in other rhizobia. Mutations in otsA or treY individually in
strain NZP561 did not dramatically affect trehalose accumulation, but double otsA treY mu‐
tants did not accumulate trehalose and were more sensitive to desiccation. They were also
less competitive with regard to occupying nodules than were wild-typestrains (Mcintyre et
al. 2007). The transcriptional analysis of the genome of B. japonicum subjected to desiccation
stress indicated that genes critical for pilus are upregulated (Cytryn et al. 2007). Pili, espe‐
cially type IV pili, are often important for biofilm formation (Shime-Hattori et al. 2006; Jurci‐
sek and Bakaletz 2007). It is extremely likely that desiccation-stressed B. japonicum cells
show some of the same patterns of gene expression, as do cells in biofilms. Similarly, S. meli‐
loti cells grown under salt and osmotic stress (Dominguez-Fererras et al. 2006) upregulate
some of the same genes uncovered in transcriptome arrays of biofilm cells of other bacteria
(An and Parsek 2007). Biofilms are one of the many ways that bacteria use to protect them‐
selves from desiccation and it is well known that exopolysaccharide, an important compo‐
nent of the biofilm matrix, protects bacteria from drought stress. Loss-of-function EPS
mutants of many bacteria show impaired biofilm formation (Yildiz and Schoolnik 1999; Da‐
nese et al. 2000; Whiteley et al. 2001; Matsukawa and Greenberg 2004), as do S. meliloti exoY
loss-of-function mutant cells (Fujishige et al. 2006) and exopolysaccharide mutants of M.
tianshanense (Wang et al. 2008). Nevertheless, it is not known whether exopolysaccharide-de‐
ficient mutants that are incapable of biofilm formation are less capable of surviving desicca‐
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tion stress under field conditions. Vanderlinde et al. (2010) demonstrated the important role
for exopolysaccharide in desiccation tolerance in Rhizobium leguminosarum bv. viciae 3841
and identify a novel genetic element (ABC transporter) required for biofilm formation. Iden‐
tification of a novel genetic element required for desiccation tolerance, and proper biofilm
formation. An increased tolerance to desiccation can enhance the survival of rhizobacteria
within the soil considerably (Rokitko et al. 2003). This is of particular interest with nitrogen-
fixing rhizobia because desiccation is a major cause of the poor on-seed survival rates of
commercial inoculants and the subsequent poor performance of rhizobial inoculants in the
field (Deaker et al. 2004). To further our understanding of how bacteria persist and survive
in the soil environment, and improve on-seed survival of rhizobial inoculants, a complete
understanding of the mechanisms used for desiccation tolerance is necessary.

3.2.2. Rhizobium-Legume molecular signalling exchange, noduation and nitrogen fixation

To the best of our knowledge, there is no information available addressing the impact of
drought on molecular signals exchanges between the two partners. Further research is need‐
ed to clarify the impact of drought on Rhizobium-legume molecular signaling exchange.
However, several studies both on herbaceous and woody legumes have shown that drought
cause deleterious effect on nodulation and nitrogen fixation (Singleton and Bohlool 1984;
Zahran and Sprent 1986; Arayangkoon et al. 1990; Marcar et al. 1991; Purwantari et al. 1995;
Hatimi 1999). If the stress conditions are long or/and strong enough, formation of nodules
will cease completely. It is generally believed that the infection process is the most sensitive
phase during nodule development (Singleton and Bohlool 1984). Once nodules have
formed, they are less affected by stress factors than the initial nodule formation process
(Purwantari et al. 1995). Studies with herbaceous legumes having the root hair infection
mode indicated that drought and salinity stresses cause changes in root hair morphology
and decrease the numbers of markedly curling hairs. In mildly water-stressed Vicia faba nod‐
ules, the loss of turgor induced a reduction in the peribacteroid space, the vesicle membrane
became sinous, and the cell cytoplasm appeared granular. Under more severe water stress, a
total disappearance of peribacteroid spaces was associated with the rupture of vesicle mem‐
branes. The bacteroid content appeared to be very heterogeneous (Guerin et al. 1991). A
shortage of water supply can slow the growth of the nodule and accelerate its senescence.
Nitrogenase activity is decreased significantly, accompanied by the decrease in respiratory
activity of the soybean and common bean nodules (Weisz et al. 1985; Gerosa-Ramos et al.
2003). A limitation in metabolic capacity of bacteroids and oxidative damage of cellular
components are contributing factors to the inhibition of nitrogenase activity in alfalfa nod‐
ules (Naya et al. 2007). In addition, the transport of fixed nitrogen out of the nodule is de‐
creased, possibly due to an insufficient supply of photosynthates in stems and leaves under
stress (Huang et al. 1975).

The major pathway of water movement into nodules is through vascular connections with
the root. The surface of the nodule is the main area for gaseous exchange and is therefore
more adapted to water loss than uptake. Nodules always need an efficient water supply to
export the product of fixation. Water-stressed plants transpire at a lower rate than un‐
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stressed plants. A lower rate of water movement out of the nodule during drought stress
may restrict export of N2 fixation products, thus inhibiting nitrogenase activity via a feed‐
back mechanism (Serraj et al. 1999). Water shortage may induce oxidative stress in nodules.
This leads to general decrease of antioxidant activities that are associated with nodule senes‐
cence (Hernandez-Jimenez et al. 2002; Porcel et al. 2003). It was found that water stress im‐
posed during vegetative growth was more detrimental to nodulation and nitrogen fixation
than that imposed during the reproductive stage (Pena-Cabrales and Castellanos 1993). The
mechanisms of desiccation tolerance could be attribitted to the ability to limit to a minimum
the cell metabolism, the increased catalase activity and the presence of specific plasmids for
drought tolerance. Some experiences have shown that working with legumes and rhizobia
strains selected for desiccation tolerance, a symbiotic interaction can take place (Soria et al.
1996). Abd-Alla and Abdel-Wahab (1995b) observed that nodulation and nitrogenase activi‐
ty were significantly decreased by increasing drought stress. Leghaemoglobin and protein
contents of nodule cytosol were also severely inhibited by drought stress. This decline was
attributed to the induction of protease activity. However, carbohydrate contents of the nod‐
ule cytosol increased significantly. This accumulation was attributed to a sharp decline in in‐
vertase activity and low use of sugar by the bacteroids. This study indicated that harmful
effects of water deficits can be alleviated by increasing K+ supplementation (Abd-Alla and
Abdel-Wahab 1995b). Water stress is quickly reflected as changes in hormonal content
(Hsiao 1973). The nodules are an active site of synthesis of auxins and cytokinins. Therefore,
it is likely that nodules, besides the supply of organic N, are a source of cytokinins that
makes the plant more tolerant to water stress (Phillips and Torrey 1973).

Many legumes are very sensitive to excess water. Nodule development and function are
usually more affected than the infection itself, and some effects such as decreased nitroge‐
nase activity may be even more intense than in the case of water deficit. Reduced to zero, the
contribution of O2 to the nodule appears to be the main problem of the effect of waterlog‐
ging. The diffusion of O2 within the nodules is in part regulated by a physical barrier located
in nodular parenchymal cells (Andres et al. 2012). Under stress conditions, the diffusion re‐
sistance increases by identifying a lack of O2 inside the nodule, leading to inhibit its activity
(Day and Copeland 1991). The ability of aerobic bacteria to utilize nitrogenous oxides, as ter‐
minal electron acceptors, enables them to survive and grow during periods of anoxia. This
may be advantageous for the survival of rhizobia in soils (Zablotowicz et al. 1978).

3.3. Salinity stress

3.3.1. Survival of Rhizobia

The world’s demand for food is increasing at such a rate that the ability to meet anticipated
needs in the next several decades is becoming questionable. Irrigated agriculture presently
accounts for about one-third of the world’s production of food and fibre; it is anticipated
that it will need to produce nearly 50 percent by the year 2040 (Rhoades et al. 1999). This
will likely be difficult, because extensive areas of irrigated land have been and are increas‐
ingly becoming degraded by salinization and waterlogging resulting from over-irrigation
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and other forms of poor agricultural management (Ghassemi, et al. 1995). Soil salinity affects
about 800 Mha of arable lands worldwide (Munns and Tester 2008), and this area is expand‐
ing. Salinity affects agricultural production in arid and semiarid regions, where rainfall is
limited and is not sufficient to transport salts from the plant root zone (Tester and Daven‐
port 2003). The damaging effects of salt on organisms are caused not only by osmotic forces,
but also by toxic levels of sodium and chloride. Salinity stress is important factor limiting
the productivity of leguminous crops. Soil salinity reduces survival and growth of rhizobia
in the soil and inhibits rhizobia-legume symbiosis, resulting in lower productivity of le‐
gumes (Abd-Alla 1992; Abd-Alla et al. 1998). Rhizobia are known to be more salt tolerant
than their respective plant partners. Maximal limit of tolerance to salinity is superior in rhi‐
zobia as compared to their host plant which frequently constitute the limiting factor in sal‐
ine soils (Kassem et al. 1985). In some cases bacteria that are highly salt tolerant as free-
living cells produce ineffective nodules, showing reduced symbiotic efficiency and/or low
rates of nitrogen fixation (Chien et al. 1992, Abd-Alla and Abdel-Wahab 1995a). Some bacte‐
rial strains of various species are able to grow within the range of 300–700 mM NaCl (Mpe‐
pereki et al. 1997). Many authors reported that some rhizobial strains can persist and
survive in the saline soils (ElSheikh and Wood 1989, 1990a; Ishaq et al. 1989), although the
majority of rhizobia are not capable of tolerating the harmful effects of high osmolarity
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Bacteria grown in saline environments must maintain positive turgor across the membrane
by allowing influx of salt or solutes or by exclusion of salts via the production of compatible
solutes or other organic osmolytes. Bacteria prefer uptake over de novo synthesis of organic
osmolytes when present in surrounding environment. Exogenous osmolytes that improve
cell growth under adverse osmotic conditions are referred to osmoprotectans (Galinski
1995). Under elevated salinity S. meliloti can accumulate K+ ions (Miller and Wood 1996) and
an organic anion, glutamate, and synthesize the following compatible solutes: N-acetylglu‐
taminylglutamine amide (NAGGN), trehalose, and glycine betaine, if the medium contains
its precursor, choline (Hua et al. 1982; Botsford and Lewis 1990; Smith et al. 1994; Talibart et
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al. 1994, 1997). Recent data indicate that the set of endogenous osmolytes produced by rhi‐
zobia can vary at least according to the species level and NAGGN has been found only in S.
meliloti (Smith and Smith 1989; Smith et al. 1994; Talibart et al. 1994, 1997). The types of the
accumulating osmolytes also depend on the stress level and on the growth phase of the cell
culture. In S. meliloti, glutamate accumulated at low salt concentrations, but at higher levels,
glutamate and NAGGN were observed. All three osmolytes, glutamate, NAGGN, and treha‐
lose accumulated only at extremely high NaCl concentrations (Smith et al. 1994). When gly‐
cine betaine was exogenously supplied in the growth medium, it accumulated as the major
osmolyte during the lag and early exponential phases, whereas glutamate and NAGGN pre‐
vailed at the late exponential phase (Talibart et al. 1997). There was no improvement in the
growth of chickpea rhizobia with the addition of glutamate to 340-400 mmol-1 NaCl in the
medium (Botsford 1984; Elsheikh and Wood 1989; Gonzalez-Gonzalez et al. 1990).

• Trehalose was the major osmolyte of the stationary phase (Smith et al. 1994, Talibart et al.
1997). A number of different environmental factors, such as the level of osmotic stress,
growth phase of the culture, carbon source and osmolytes of the growth medium control
the combination of naturally occurring endogenous osmolytes in rhizobial cells (Smith et
al. 1990, 1994). Bacteria prefer uptake of compatible solutes over synthesis de novo. The
transport systems for external osmolytes (osmoprotectants) are relatively unspecific, and
bacteria accept components of plant and animal origin (Galinski 1995). The enhancement
of growth of rhizobia from different species, resulting from added glycine betaine and
other betaines under saline conditions, has been recorded (Sauvage et al. 1983, Bernard et
al. 1986). S. meliloti and many other rhizobial species can use glycine betaine as a C and/or
N source under low osmotic stress but as an osmoprotectant in high osmolarity. Contrary,
Bostford (1984) observed that exogenous application of glycine betaine did not ameliorate
inhibition of the growth of S. meliloti in NaCl. Only the slow-growing B. japonicum, which
is considered as an osmosensitive species, is incapable to transfer glycine betaine and its
precursor choline (Boncompagni et al. 1999). Under low osmotic stress glycine betaine is
degraded via successive demethylation to glycine, while at elevated osmolarity the catab‐
olism is blocked and glycine betaine is accumulated in cells (Sauvage et al. 1983; Bernard
et al. 1986; Smith et al. 1988; Boncompagni et al. 1999). Furthermore, Exogenous applica‐
tion of calcium alleviated the inhibitory effect of NaCl on growth of rhizobia and induced
NaCl tolerance (Chien et al. 1991; Howieson et al. 1992; Reeve et al. 1993). There is an in‐
creasing demand for identifying rhizobial species that could also work under stressed soil
environment so that the productivity of the inoculated legumes does not suffer under der‐
elict soils.

3.3.1.1. Rhizobum-legume signalling exchange

Nodulation (nod) factors are products of nod gene exerssion of rhizobia. Nod factors are sig‐
nals known to be used in the communication with leguminous plants in the process of root
nodule formation. Nod factors are major host-specificity determinants (factors that deter‐
mine which rhizobium nodulates with a specific host plant) and trigger the nodulation pro‐
gram in a compatible host (Mergaert et al. 1997). The influence of salt (NaCl) stress on the
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expression of enzymes involved in Nod factor production, and on the huge variety of Nod
factors produced by growing R. tropici have been investigated (Estevez et al. 2009). In sur‐
prising study by Guasch-Vidal et al. (2013) observed that, in the absence of flavonoid induc‐
ers, high concentrations of NaCl induced nod genes and the production of Nod factors. The
higher transcriptional activity at the nod region in the presence of NaCl, as revealed by the
increased the β-galactosidase activity of a nodP:lacZ fusion, that lead to a higher and detecta‐
ble production of Nod factor. However, a high concentration of salinity had adverse effect
on Nod factor activity and decreased root hair deformation in soybean (Duzan et al. 2005).
Evidence existed that introduction of exogenous nod gene inducers increases nodulation and
nitrogen fixation of some legume species (Abd-Alla et al. 2013a). Pre-treatment of Bradyrhi‐
zobium japonicum with genistein increased nodulation and nitrogen fixation of soybean and
common bean (Zhang and Smith 1996; Abd-Alla 2001, 2011); and pre-induction of Rhizobium
leguminosarum with hesperetin and naringenin was found to stimulate nodulation and plant
dry matter accumulation of pea and lentil plants (Begum et al. 2001). Flavonoid inducers act
in low concentrations and the pre-activation of rhizobia used as inoculants (biofertilizers) in
undoubtedly economically justified. Pre-activation of strains might increase rhizobial com‐
petitiveness in the soil environment (Hungria and Philips 1993). Indeed, it has been shown
that flavonoid pre-activated B. japonicum increased soybean nodule quantity and weight
(about 30%), the seasonal level of N2 fixation (35%) and yields (10-40%) when compared to
conventional inoculants (Zhang and Smith 2002). Likewise, field pea and lentil plants dis‐
played increased nodulation and biomass production when inoculated with Rhizobium legu‐
minosarum preinduced with hesperetin (Begum et al. 2001). In common bean (Phaseolus
vulgaris L.), a negative effect of NaCl on the expression of nod genes by Rhizobium tropici and
Rhizobium etli and on nodulation factors’ pattern was observed (Dardanelli et al. 2008). The
preincubation of B. japonicum with the signal molecule genistein, under saline conditions,
was described as a method to alleviate the stressful effects of salt on soybean–B. japonicam
symbiosis (Miransari and Smith 2009). Efforts to overcome the inhibitory effect of salinity on
nodulation of feungreeck by pre-inocubation of Rhizobium tibeticum with hesperetin and
apaginein were successful (Abd-Alla et al. 2013a). It is supposed that flavonoids have selec‐
tive value in plant-microbe interaction under salinity stress. Improving legume inoculation
efficiency is extremely important to improve legume production under drastic conditions.

3.3.1.2. Rhizobium-legume nodulation and nitrogen fixation

In legumes salinity can result in a root system devoid of root hairs and a mucilaginous layer,
and incapable of forming an infection thread (Singleton and Bohlool 1984; Zahran and
Sprent 1986). Unsuccessful symbiosis may be attributed to failure in the infection process
due to poor establishment of Rhizobium (Rai and Prasad 1983). The reduction of nodulation
in soybean under saline conditions was attributed to shrinkage of the root hairs (Tu 1981).
Yousef and Sprent (1983) showed that NaCl affected nodulation and they concluded that
there may also be effects on infection. In salt-treated faba bean plants, total nodule weight
per plant was reduced with increasing amounts of salt given. A reduction of 16.7, 4l.2, 50.8
and 72.6% in nodule weight was caused by salinity levels of 5.8, 8.8, 1l.6 and 14.6 dSm-l, re‐
spectively. Total nodule weight per plant followed a similar pattern to nodule number per
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plant (Abd-Alla 1992). The detrimental effects of salinity on nodulation parameters were
most pronounced for NOD1-3 and Williams 82, intermediate for DR-1, and less marked for
PI416937. Self-grafted NOD1-3 plants showed 50 to 62% inhibition in nodulation responses
(activity, number, mass) while grafting of PI416937 scions to NOD1-3 roots resulted in less
than 7% inhibition by salt. Nodule number on PI416937 roots was greater when grafted to
NOD1-3 scions (relative to self-grafted PI416937 plants), confirming a shoot role in autore‐
gulation of nodule number (Abd-Alla et al. 1998). These results indicated that shoot factors
are of primary importance in determining salt-tolerance of the PI416937 genotype and that
hypernodulation expression in the mutant is negatively affected by salt treatment.

The salt injury on the symbiotic interaction not only inhibits the formation of the nodules,
but also thereby leads to the inhibition in nitrogenase activity and reduction of the growth
of the host plant. Other effects of salinity on the nodulation, includes formation of non-func‐
tional nodules with abnormal structure, and degradation of peribacteroid membrane (Bola‐
nos et al. 2003). Tu (1981) observed that the interaction of Bradyrhizobium japonicum to the
root hairs under increasing concentrations of NaCl in the range from 0% to 1.8% in the cul‐
ture solution was affected. At a concentration of 1%, inhibition was evident in the bending
of the hairs, a phenomenon markedly accentuated as rising concentrations. At 0.2% NaCl,
growth was slow and at 1.2% nodulation did not occur. Results of some experiments on Vi‐
cia faba and Vigna unguiculata showed that the application of different concentrations of
NaCl at the time of root hair formation significantly reduced root colonization, root hair
curling, shrinking root hairs and hypodermic cells (Zahran and Sprent 1986; Georgiev and
Atkins 1993). Several hypotheses have been suggested to explain the negative effects of salt
on nitrogen fixation in plant legumes. It is likely that the depression in specific nitrogenase
activity was due to salt reducing the protein, leghaemoglobin and carbohydrate contents of
both the cytosol and the bacteroids. Salinity levels at 11.6 and 14.6 dSm-1 induced a 37 and
59% decline in carbohydrate and 41 and 53% in leghaemoglobin and 19 and 53% in protein
content of nodules, while nodule C2H2 reduction (specific nitrogenase activity) showed a 55
and 61% decreases, respectively (Abd-Alla 1992). Abd-Alla and Omar (1997) reported that
0.5% NaCl significantly reduced nodulation of fenugreek and addition of wheat straw and
cellulytic fungi minimize the adverse effect of salinity on nodulation.

Protein synthesis is readily inhibited by water stress because of the decreases in the level of
polyribosomes (Bewley 1981). Thus, the decline of nodule soluble protein may result from a
general reduction of protein synthesis and from an increased protease activity in the cytosol
(Becana et al. 1986). The disappearance of nodule soluble protein induced by plant water
stress can be compared to the situation naturally occurring during nodule senescence (Pla‐
dys and Rigaud 1985) or after feeding the plant with nitrate (Ohyama and Kumazawa 1981,
Nishiwaki et al. 1997; Ohyama et al. 2011; Abdel-Wahab and Abd-Alla 1995a,b, 1996). In
both cases, the presence of active proteases was responsible for the protein digestion, and it
seems likely that these enzymes may also be induced under water restricted conditions
(Guerin et al.1990; 1991). It is clear that most biochemical parameters of the bacterial and
plant components of the nodules (cytosol) were affected by high levels of salinity of 100 and
125 mM NaCl (Abd-Alla 1992). Both the protein and carbohydrate contents of nodule cyto‐
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sol were more sensitive to salinity than the corresponding bacteroids at the same levels of
salinity. The negative effects of salinity on the oxygen diffusion barrier, which normally
would reduce the O2 flux into the nodule was also demonstrated (Soussi et al. 1998; Serraj
and Drevon 1998). The decline in nitrogen fixation can be attributed to a reduced carbon
supply to bacteroids, mainly in the form of malate limitation and likely a result of the salt
induced inhibition of nodule carbon metabolism through the inhibition of sucrose synthase
activity (Ben Salah et al. 2009). The accumulation of solutes such as proline, sucrose, and D-
pinitol has been described in nodules of some legumes such as alfalfa and cowpea, and they
exert an osmoregulatory function in situations of salinity (Irigoyen et al. 1992). Miransari
and Smith (2007) indicate that under high levels of stress plant spent most of its energy to
inhibit or alleviate the stress rather than developing a symbiosis with N-fixing bacteria. Mir‐
ansari and Smith (2008) reported that genistein application into rhizobia inoculant improves
plant growth through improved nodulation and nitrogen fixation in both normal and salt
stress conditions. Inhbition of N2-fixation of legumes under salt stress seems to some extent
to be due to nodule senescence. More work is required to elucidate the mechanisms by
which salinity interferes with normal nodule physiology and function to alleviate the inhibi‐
tory effect of salinity in crop legume production.

3.4. Soil pH

3.4.1. Survival of Rhizobia

Agricultural soils are either alkaline or acidic that effect on rhizobial growth, survival and
subsequent formation of nitrogen-fixing symbiosis with a legume host. Global warming and
agricultural practices cause increase in the amount of soil affected by acidity, and thus limit
legume crop productivity. Worldwide, more than 1.5 Giga hectares of acid soils limit agri‐
culture production (Graham and Vance 2000) and as much as 25% of the agriculture land is
impacted by problems associated with soil acidity (Munns 1986). Each Rhizobium has its own
optimum pH, under which it grows at its best. Although neutral conditions are generally
optimum for bacteria, different species of Rhizobium display varying degrees of pH resist‐
ance as measured by their ability to grow (not just survive) (Glenn and Dilworth 1994). Rhi‐
zobia can be more sensitive to acidic condition than their legume host. Indeed, it is in many
cases the inability of the rhizobia to persist and survive under acidic conditions that reduces
the effectiveness of the symbiosis. Therefore, the selection of rhizobial strains tolerant to
acidic conditions may improve the acid tolerance of the legume through an efficient symbi‐
otic nitrogen fixation under acidity conditions. However, the relationship between low pH
of soil and rhizobia competitiveness, and ability to presist under acidic stress is not always
straight forward. Chen et al. (1993) reported that mutants of R. leguminosarum have been
able to grow at a pH as low as 4.5. Moreover, Foster (2000) recorded that S. meliloti was via‐
ble only below to pH 5.5. Some rhizobia have wide range of pH such as S. fredii can grow
well between pH 4 – 9.5 but B. japonicum cannot grow at the extremes of that range (Fujihara
and Yoneyama 1993). These values are the extremes and hindered the growth and survival
of bacteria between 1 and 2 pH units (Richardson and Simpson 1989). Although some acid-
tolerant rhizobia strains have been selected (Wood et al. 1988; Vinuesa et al. 2005; Laranjo
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and Oliveira 2011), the mechanisms that employ to survive and grow under acidic condi‐
tions have not been fully elucidated and therefore the molecular basis for differences in pH
toleranceamong strains of rhizobia is still not clear. Several genes, such as actA, actP, exoR,
lpiA, actR, actS, and phrR, were shown to be essential for rhizobia growth at low pH (de
Lucena et al. 2010). Kurchak et al. (2001) have been identified 20 genes in R. leguminosarum
that are responsible for acid stress namely as act genes (acid tolerance).

Root nodule bacteria employ mechanisms for maintenance of intracellular pH (pHi) are cru‐
cial. Like other Gram-negative bacteria, root nodule bacteria show an adaptive acid toler‐
ance response, with growth at moderately acidic conditions protecting against an extreme
acid shock. Variations in acid tolerance within species of root nodule bacteria imply a genet‐
ic basis to low pH tolerance and studies of acid-sensitive mutants suggest that as many as 20
genes could be involved (Glenn and Dilworth 1994). Sensing mechanisms are composed of
two components: a sensor and a regulator, and one has been found in S. meliloti; the genes
actR and actS encode for the regulator and sensor respectively (Tiwari et al. 1996b). ActS is
the membrane bound product of actS that, on detection of external acidity, activates ActR
(product of actR) via phosphorylation. ActR then goes on to activate the transcription of oth‐
er acid response genes within the bacterium (Tiwari et al. 1996b). The membrane bound
product of actA is basic and responsible for maintaining internal pH at around 7, when the
external pH drops below 6.5 (Tiwari et al. 1996a). They demonstrated that mutants defective
in this gene are unable to maintain intracellular pH and cannot grow at a pH lower then 6.
Tiwari et al. (1996a) indicated that calcium involves in acid tolerance mechanism S. meliloti.
Riccillo et al. (2000) reported that glutathione play a key role in acid tolerance of Rhizobium
tropici. Glutathione also provides protection against chlorine compounds in E. coli and
against oxidants in E. coli and Rhizobium leguminosarum bv. phaseoli (Crockford et al. 1995).
The activation of glutathione synthesis might be essential for tolerance to acid stress (Muglia
et al. 2007). TypA is act as a regulator by controlling the phosphorylation of proteins and
required for growth at acidic condition (Kiss et al. 2004). Reeve et al. (1998) show that, in
addition to the genes like actA, acts and actR that are absolutely essential for growth of S.
meliloti at low pH, there is phrR gene which, while not essential for growth, appears to be
induced by exposure to low pH. Cunningham and Munns (1984) found that Rhizobium pro‐
duce greater amounts of exopolysaccharides are able to survive in acidic conditions more
successfully than Rhizobium that can only produce smaller amounts.

Many agricultural fields are alkaline with an average pH above 7.0 to 8.5. A major problem
in alkaline soils is reduced nutrient availability. Alkalinity stress can also retard Rhizobium
from growing and subsequent establishment of a viable nitrogen-fixing symbiosis with a le‐
gume host. Therefore, it makes good sense agriculturally to select rhizobial isolates that are
tolerant of alkaline conditions as well as capable of nodulating legumes (Abd-Alla et al.
2013b). Although R. leguminosarum bv. trifolii has been reported to colonize soil at a higher
rate and produce nodulates at a higher frequency in alkaline conditions; it is also known to
grow unaffected at pH 11.5 (Zahran 1999). Homospermidine, a polyamine present in high
concentrations in root nodule bacteria, is also known to accumulate in B. japonicum in alka‐
line conditions, although its function is unknown (Fujihara and Yoneyama 1993). Rhizobium
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2013b). Although R. leguminosarum bv. trifolii has been reported to colonize soil at a higher
rate and produce nodulates at a higher frequency in alkaline conditions; it is also known to
grow unaffected at pH 11.5 (Zahran 1999). Homospermidine, a polyamine present in high
concentrations in root nodule bacteria, is also known to accumulate in B. japonicum in alka‐
line conditions, although its function is unknown (Fujihara and Yoneyama 1993). Rhizobium
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etli strains EBRI 2 and EBRI 26 are more competitive than strain CIAT 899G in soils with
high salt or alkaline conditions (Shamseldin and Werner 2004). These isolates can be use as
inoculants for alkaline agriculture fields.

3.4.1.1. Rhizobium-legume molecular signalling exchange

Soil pH adversely affects several stages during the development of symbiosis, including the
exchange of molecular signals between the legume and the microsymbiont (Hungria and
Vargas 2000). Hungria and Stacey (1997) observed that release of isoflavonoids nod-gene in‐
ducers by soybean and common bean roots was less at pH 4.5 than at pH 5.8 with some
nodulation genes, including nodA, switched off as the pH decrease (Richardson et al. 1988 a,
b). At low pH, induction of nod gene expression in R. leguminosarum biovar trifolii is mark‐
edly reduced in the presence of flavone-inducer. Furthermore, inducibility of nod gene ex‐
pression in R. leguminosarum bv. trifolii is also affected by a net reduction in the
concentration of nod gene-inducing factors present in the root exudates of clover seedlings
grown in acidic conditions (Richardson et al. 1989). Depression in soybean and common
bean nodulation under acidic conditions may be partially alleviated by supplementation
with flavonoid nod-gene inducers (Hungria and Stacey 1997), with studies to examine varie‐
tal differences in response or to maximize the expression of rhizobial nod-genes under acid
conditions still needed. Also, acidic soil can affect the production and excretion of nodula‐
tion factors of R. leguminosarum bv. trifolii (McKay and Djordjevic 1993). Soil pH has been
shown to effect on the profile of Nod factors secreted by R. tropici CIAT899, which is tolerant
of acidic conditions (Morón et al. 2005). At least seven different classes of Nod factor struc‐
tures were identified. More than 50 different Nod factors were detected at pH 4.5, and great‐
er induction of the nod genes also occurred at this pH. This diversity of Nod factor structure
may facilitate nodulation of bean at an acidic pH. Angelini et al. (2003) observed that Initial
root colonization by rhizobia was advesly affected when both acid-tolerant and acid sensi‐
tive (pH 5.0) peanut rhizobia were grown at low pH. This effect could be attributed to defor‐
mation produced by acidic pH on the microsymbiont rather than on host legume. At acid
pH, very low nodC gene expression was observed in acid-sensitive isolates, while a change
in the flavonoids inducer effectiveness was determined in acid-tolerant isolates. There is no
information available on the of effect alkalinity on the exchange of molecular signals be‐
tween the legume and the microsymbiont and additional studies are needed.

3.4.2. Rhizobium-legume nodulation and nitrogen fixation

The availability of some essential nutrients such as calcium, magnesium, phosphorus, and
molybdenum is low in acid soils, whereas high levels of aluminum and manganese can be‐
come toxic to plants and rhizobia (Coventry and Evans 1989). Soil pH can be distorted and
this depending on the type of plant nitrogen nutrition and host legume. Thus, the N2-fixing
plants released protons, which lead to lower the soil pH. The buffering capacity of certain
agriculture field can avoid major changes in pH, but in soils with low cation exchange ca‐
pacity the problem may be significant. It is clear that N2-fixing plants are more sensitive to
acidity than plants of the same species that feed on mineral nitrogen (Andrews 1976).
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Growth of rhizobia in acidified culture media has proved useful for selecting strains with an
ability to colonize the rhizosphere and to nodulate their host plant in acid soils (Cooper
1988). A major problem is to distinguish between the effects of low pH and toxicity of some
minerals, especially aluminum. In acidic soils with pH of >5.0, where heavy metal activity is
relevant, the presence of available aluminum inhibits nodulation.

The information available on alkalinity is scarce compared to that on acidity. Singh et al.
(1973) observed that the number of nodules on alfalfa root can be significantly decreased in
culture solutions containing 0.1% Na2CO3 and NaHCO3. Apparently, soil alkalinity signifi‐
cantly inhibited nodulation and nitrogen fixation of faba bean inoculated with R. leguminosa‐
rum bv. viciae STDF-Egypt 19 (HM587713). However, dual inoculation of R. leguminosarum
bv. viciae STDF-Egypt 19 (HM587713) and AMF improve the nodulation status and nitrogen
fixation of faba bean grown under alkalinity stress (Abd-Alla et al. 2013b). AMF colonization
generally enhances rhizobial nodulation and N2 fixation (Barea and Azcon-Aguilar 1983;
Hayman 1986; Fitter and Garbaye 1994; Chalk et al. 2006). Many authors have now reported
the enhancement of rhizobial nodulation in roots colonized with AM fungi (Meghvansi and
Mahna 2009; Badri et al. 2010; Wang et al. 2011; Sakamoto et al. 2013).

3.5. Pesticides

3.5.1. Suvrival of Rhizobia

Over the past 60 years pesticides have been used increasingly in the environment. Pesticides
are massive applied to agriculture land to produce a larger yield and high quality of crop as
well as reduce the input of labor and energy into crop production (Ayansina 2009). World‐
wide, about 3 billion kg of pesticides are applied each year with a purchase price of nearly
$40 billion per year (Pan-UK 2003). These compounds pose great threats to the varied agroe‐
cosystems. Although the application of these chemicals has been banned or restricted in
many countries especially the developed ones, some developing countries are still using
these compounds because of their low cost and versatility in industry, agriculture and pub‐
lic health (Tanabe et al. 1994, Sarkar et al. 1997). These pesticides can enter the soil environ‐
ment either by direct application or via plant root exudates. This input of pesticides can
affect many soil organisms in different manners. Information from previous studies indicat‐
ed that some soil bacteria are able to tolerate or degrade some pesticides as sole carbon or
nitrogen source (Dick and Quinn 1995; Liu et al. 1991; Sarnaik et al. 2006) bacteriostatic and
lethal effects can also occur (Fox et al. 2007). Some pesticides were toxic and inhibited rhizo‐
bial growth and survival (Graham et al. 1980; Mallik and Tesfai 1983; Singh and Wright
2002; dos Santos et al. 2005).

The effect of pesticides on rhizobia will depend upon the species and strain (Sawicka and
Selwet 1998; Singh and Wright 2002; Zablotowicz and Reddy 2004), type of pesticide ap‐
plied, and the dose applied (Kaur et al. 2007; Zawoznik and Tomaro 2005).

A Rhizobium sp. strain, named PATR, was isolated from an agricultural soil and found to ac‐
tively degrade the herbicide atrazine (Bouquard et al. 1997). They showed that the hydroxy‐
lation of atrazine due to presence of constitutive enzyme consist of four 50-kDa subunits.
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Drouin et al. (2010) showed that fungicides had the highest deleterious effects on the rhizo‐
bia, followed by herbicides and then insecticides. Tolerance or resistance of rhizobia against
pesticides is a complex process and is controlled by physiological/genetic level of microor‐
ganism. These microorganisms developed such tolerance or resistance have the ability to de‐
graded or change the configuration of pesticide (Kumar et al. 1996; Andres et al. 1998a,
Ortiz-Hernández and ánchez-Salinas 2010). The resistance or tolerance against pesticides
might be attributes to physiological activities that induce the microbial metabolism for the
formation of a new metabolic pathway to bypass a biochemical reaction inhibited by a spe‐
cific pesticide (Bellinaso et al. 2003). Dominant resistance of rhizobia to specific pesticide de‐
pends upon genetic modifications, inherited by the subsequent generation of microbes
(Johnsen et al. 2001; Herman et al. 2005). It well established that pesticides not only have
toxic impact on rhizobial growth and survival but also have deleterious effect on their abili‐
ty to produce plant growth promoting substances. Further studies are required to address‐
ing the toxicological effects of pesticides on survival of rhizobial and their plant growth
promoting activates at molecular level to fortify the effective implementation of this ap‐
proach to protect the soil ecosystem from pesticide hazard.

3.5.2. Rhizobium- Legume molecular signaling exchange

Published studies regarding pesticides’ effects on Rhizobium-legume molecular signaling ex‐
change are usually very scattered and done with few pesticides on a limited number of same
genus (Fox et al. 2001, 2004). They reported using in vitro assays that 30 different pesticides
and environmental contaminants specifically disrupted crucial symbiotic signaling between
flavonoid phytochemicals and S. meliloti NodD receptors. Fox et al. (2007) reported in vivo
evidence that a subset of organochlorine pesticides and pollutants inhibit symbiotic signal‐
ing between alfalfa and S. meliloti, resulting in delayed symbiotic recruitment, reduced sym‐
biotic nitrogen fixation, and a decline in alfalfa plant yield. Pesticides may also disrupt
symbiosis by altering the array of flavonoid phytochemicals a plant produces or by reducing
the overall flavonoid secretion pattern, thereby disrupting plant–rhizobial signaling. Pesti‐
cides may affect the plants in a manner that the bacteria-induced root hair deforming fac‐
tors, similar to Nod Rm-1 and related compounds (Truchet et al. 1991), are incapable to
influence morphogenic activity of the plants. Andres et al. (1998b) reported that alfalfa and
soybean seed and root exudates treated with fungicide (thiram) inhibit the expression of rhi‐
zobia nodulation genes. Temporal and chemical specificity of symbiotic signaling is crucial
for coordinating the actions of host legume and microsymbiont necessary for symbiotic ni‐
trogen fixation. In the dynamic soil environment, rhizobia are exposed to a mixture of ago‐
nistic and antagonistic phytochemicals, and the degree to which its NodD receptors are able
to interpret these signals to locate its symbiotic partner. This will most likely determine the
efficiency of symbiotic nitrogen fixation in that particular soil environment.

3.5.3. Rhizobium-Legume and nodulation and nitrogen fixation

Pesticides are essential for controlling plant pests, and accordingly, improve the productivi‐
ty of major crops including legumes. The presence of residual pesticides in the rhizosphere
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may interfere with the infection process by inhibiting bacteria-induced root hair deforma‐
tion and nodule formation. The infection process may be changed either by pesticide effects
on the virulence of the attacking bacteria or by effect on root fibers of plant in which the in‐
fection occurs (Kumar 1981). Nodulation inhibition with pesticides may also be due to alter‐
ation of root hair morphology or to alteration in the quality and quantity of root exudation
(Ratnayake et al. 1978) including isoflavonoid compounds and lectin that play an important
role in the attraction and attachment of rhizobia to root hairs (Hansen 1994). Pesticides ap‐
plied to leguminous crops constitute a potential hazard to growth, nodulation and nitrogen
accumulation (Abd-Alla and Omar 1993). Abd-Alla et al. (2000 b) indicated that root nodule
formation was inhibited in cowpea, common bean and lupin, the effect being most evident
in the case of cowpea. Reduction in the number of nodules on soybean was recorded follow‐
ing trifluralin application at rates of 0.74 and 1.1 kg−1 (Kust and Struckmeyer 1971). Nodule
dry mass of soybean was also decreased in five soil types treated with pesticides (Dunigan
et al. 1972). Nodulation of broad bean was inhibited by the herbicides trifluralin and metri‐
buzin (Bertholet and Clark 1985). Similar results were also obtained by Eberbach and Doug‐
las (1991) using the herbicides paraquat and glyphosate. Abd-Alla and Omar (1993)
recorded a significant reduction in nodule formation by faba bean plants grown in herbi‐
cide-treated pot soil. Curley and Burton (1975) attributed the inhibition in nodulation, con‐
comitant with pesticide application, to the inability of rhizobia/bradyrhizobia to multiply in
the presence of pesticides. Pesticides may inhibit nodulation through their effect on cellulo‐
lytic and pectolytic enzyme production by rhizobia, as occurs in other micro-organisms
(Mahmoud and Omar 1995). Production of these enzymes by rhizobia is essential for root
hair penetration (Hansen 1994). Reports on the effect of agrochemicals on symbiotic attrib‐
utes of legumes are, however, contradictory. For example, Miettinen and Echegoyen (1996)
observed a substantial decline in nodulation in legume crops grown in soil amended with
imidacloprid. Pesticides may influence on the nodule development and effectivenss of nitro‐
gen fixation through the effect inside the host plant or nodule structure (Rup 1988). Aggar‐
wal et al. (1986) evaluated the effect of carbamate on nodulation in Pisum sativum and Vigna
sinensis. They observed that the low doses of the insecticides had little effect on nodulation
whereas the higher concentrations adversely affected it. In a similar study, Alonge (2000)
evaluated the phytotoxicity of imazaquin on the growth of soybean plants and found that
chlorophyll content in the leaves, root nodules, shoot growth, whole plant dry weight, and
grain yield were reduced. Pesticides can reduce the symbiotic efficiency of nitrogen fixing
bacteria and the host leguminous plants. Pesticides, which are either applied to crops or
found as contaminants in the soil, significantly disrupt symbiotic nitrogen fixation and sub‐
sequently lower plant yields. The decrease in the nitrogen content of plant tissue is mainly
due to the side effects of pesticides on rhizobia/bradyrhizobia.The decrease in nodule num‐
ber on pesticide-treated plants may explain the decrease in tissue N (Abd-Alla et al. 2000 b).
Similarly, Anderson et al. (2004) claimed that insecticides (chlorsulfuron) negatively affect
on nodule formation and nitrogen fixation of chickpea. A comparable observation on the ef‐
fect of insecticides (fipronil) on legumes has been reported. For example, the effect of insecti‐
cide fipronil on growth and nodulation of chickpea, pea, lentil and green gram were
determined by Ahemad and Khan (2011a, b).They showed that Fipronil displayed varying
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degrees of toxicity to the tested legumes. The highest toxicity of fipronil was observed on
shoot dry biomass, leghaemoglobin, and chlorophyll content and the seed protein in chick‐
pea, nodule numbers and nodule biomass in pea.

3.6. Heavy metals

3.6.1. Survival of rhizobia

Heavy metals are most important inorganic pollutants such as Cu, Ni, Cd, Zn, Cr, Pb. Heavy
metals enter soil from industrial operation; animal manures and sewage sludge application
after these elements enter to the soil they remain for several thousands of years. Accumula‐
tions of these metals in various ecological systems cause a massive threat to the varied agro‐
ecosystems (Abd-Alla et al. 1999; Ceribasi and Yetis 2001; Cheung and Gu 2007). Recently
there has been increasing concern with heavy metal contamination, not only due to their
toxic impact on living organisms, but also due to their irreversibly immobilized in soil com‐
ponents (McGrath and Lane 1989). Some metals such as Zn, Cu, Ni and Cr are essential mi‐
cronutrients for living organisms at very low level. Optimum level of physiological function
can be achieved in suitable environment and adequate nutrient supplies. Some elements,
such as heavy metals, though essential for organisms, are harmful if present in excess. The
impact of certain metals such as Cd, Hg and Pb on biological and physiological functions of
living organisms is still obscure. However, all these metals could be toxic at relative low
concentrations (Gadd 1992). Soil microorganisms are very sensitive when subjected to mod‐
erate heavy metal concentrations (Giller et al. 1998). High levels of heavy metals in soil
cause dramatic changes in microbial composition and their activities (Baath et al. 1998; Lak‐
zian et al. 2002; Khan and Scullion 2002, Paudyal et al. 2007; Wani et al. 2008a; Khan et al.
2009; Krujatz et al. 2012) resulting in microbial populations with higher tolerance to metals,
but with lower diversity, when compared to unpolluted soils (Baath 1992; Baath et al. 1998).
These changes in ecosystem led to losses in soil fertility. Wood and Cooper (1988) reported
inhibition of multiplication of rhizobial strain caused at 50 µM Al concentration. Al toxicity
is great problem under acidic medium as solubility of free Al ion (Al3+) increases rapidly un‐
der acidic condition (McLean 1976). Fast growing acid producing bacteria, it promotes Al to
show its full toxicity. Since the distribution of various ionic species of Al is pH dependent
(Martin 1991), slight change in pH may significantly affect the relative concentration of the
various charged Al species and their ligands and hence the toxicity of aluminium. Further,
slight change in pH alone can significantly affect the growth of root nodule bacteria (Thorn‐
ton and Davey 1983; Richardson and Simpson 1989). In combination with acidity, Al is detri‐
mental to root nodule bacteria in those cases where growth occurs to longer log periods,
decreases growth rates and lowers final cell densities (Whelan and Alexander 1986). The
toxic effect of aluminium is due to its effect on bacterial DNA (Johnson and Wood 1990;
Martin 1988). The deleterious effects of metals on rhizobial composition within agroecosys‐
tem and different legume genotypes, however, have been contradictory (Wani et al. 2007a,
b, 2008a, b). To validate this concept of conflicting effects of metals on rhizobia, Paudyal et
al. (2007) conducted an experiment which revealed that rhizobia grew poorly in culture me‐
dium supplemented with even lower concentration of aluminium, while rhizobial growth
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was completely inhibited at 50 mM Al concentration (Wood and Cooper 1988; Chaudri et al.
1993; Broos et al. 2004). Hirsch et al. (1993), in a study, demonstrated that the persistence of
R. leguminosarum bv. trifolii was drastically altered by long-term exposure to heavy metals,
and this Rhizobium lost their infectability to form functional nodules. In a similar study,
Chaudri et al. (2000) reported that the irrigation for long term with sewage sludge contain‐
ing Zn or Cu or mixture of Zn and Cu significantly decreased growth and survival of R. le‐
guminosarum bv. viciae and R. leguminosarum bv. trifolii, in soils. On the contrary, Angle and
Chaney (1991) indicated that even in highly contaminated soils, metal activity was not high
enough to exert an antagonistic influence on the soil rhizobial population or the symbiotic
association between alfalfa and R. meliloti. Arora et al. (2010) investigated the impact of alu‐
minium and copper, iron and molybdenum on growth and enzyme activity of fast and
slow-growing rhizobial species. They indicated that Sinorhizobium meliloti RMP5 had a great‐
est tolerance to copper, iron and molybdenum compared to Bradyrhizobium BMP1. However,
these strains were very sensitive to Al than other metals. In addition, Al was significantly
depressed the various enzymatic activities of Sinorhizobium meliloti strains RMP5 and BMP1.

The lack of adverse effects of metals on soil populations of R. meliloti is contrary to several
previous reports with other species of Rhizobium. Many studies indicated that R. leguminosa‐
rum biovar trifoli, or some portion of the symbiotic process, was adversely affected by metal
contamination of soil (McGrath et al. 1988; Giller et al. 1989; Mcilveen and Cole 1974; Rother
et al. 1983). Tong and Sadowsky (1994) found that fast-growing rhizobia were more suscep‐
tible to Zn and Co (20-40 µg ml-1) than slow-growing (80-480 µg ml-1), and less susceptible to
Mo. The discrepancy is related to the differential metal tolerance of the rhizobial species
(Abd-Alla et al. 2012). A higher protein expression was usually related to tolerance mecha‐
nisms in Rhizobium (Saxena et al. 1996, Pereira et al. 2006).

3.6.2. Rhizobium-Legume molecular signalling exchange, noduation and nitrogen fixation

During the last decades, a plethora of reports have been published concerning the impact of
heavy metals on survival of rhizobium and nitrogen fixation. However, there is minor infor‐
mation about the effect of heavy metals on molecular signals between rhizobia and their
host legumes. Recently, Pawlak-Sprada et al. (2011a, b) have found that treatment of soy‐
bean (Glycine max) and yellow lupine (Lupinus luteus) with cadmium (Cd2+) or lead (Pb2+)
trigged an increase of phenylalanine ammonia-lyase mRNA level and phenylalanine ammo‐
nia-lyase activity. Phenylalanine ammonia-lyase is a key enzyme of the phenylpropanoid
pathway. Several products of this pathway such as flavones and isoflavones are strongest
inducer of rhizobial nodulation genes (Firmin et al. 1986; Redmond et al. 1986). The total
amount of isoflavonoids in soybean and yellow lupine were significantly increased by about
15 % in cadmium- and 46 % in lead-treated plants. High concentration of heavy metals may
reduce the isoflavonoid exudate and therefore inhibits the induction of nod genes. Some re‐
ports are available dealing with the toxicity of different heavy metals on nodulation and ni‐
trogen fixation (Bhandal et al. 1990; Hung et al. 1974; Paivoke 1993a, b; Yakolevya 1984).
Conversely, field studies by Heckman et al. (1984) failed to detect adverse changes in either
plant growth or N2-fixation in the sludge-amended soils. Borges and Wollum (1981) added
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Mo. The discrepancy is related to the differential metal tolerance of the rhizobial species
(Abd-Alla et al. 2012). A higher protein expression was usually related to tolerance mecha‐
nisms in Rhizobium (Saxena et al. 1996, Pereira et al. 2006).

3.6.2. Rhizobium-Legume molecular signalling exchange, noduation and nitrogen fixation

During the last decades, a plethora of reports have been published concerning the impact of
heavy metals on survival of rhizobium and nitrogen fixation. However, there is minor infor‐
mation about the effect of heavy metals on molecular signals between rhizobia and their
host legumes. Recently, Pawlak-Sprada et al. (2011a, b) have found that treatment of soy‐
bean (Glycine max) and yellow lupine (Lupinus luteus) with cadmium (Cd2+) or lead (Pb2+)
trigged an increase of phenylalanine ammonia-lyase mRNA level and phenylalanine ammo‐
nia-lyase activity. Phenylalanine ammonia-lyase is a key enzyme of the phenylpropanoid
pathway. Several products of this pathway such as flavones and isoflavones are strongest
inducer of rhizobial nodulation genes (Firmin et al. 1986; Redmond et al. 1986). The total
amount of isoflavonoids in soybean and yellow lupine were significantly increased by about
15 % in cadmium- and 46 % in lead-treated plants. High concentration of heavy metals may
reduce the isoflavonoid exudate and therefore inhibits the induction of nod genes. Some re‐
ports are available dealing with the toxicity of different heavy metals on nodulation and ni‐
trogen fixation (Bhandal et al. 1990; Hung et al. 1974; Paivoke 1993a, b; Yakolevya 1984).
Conversely, field studies by Heckman et al. (1984) failed to detect adverse changes in either
plant growth or N2-fixation in the sludge-amended soils. Borges and Wollum (1981) added
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Cd salts to the soil and reported that N2-fixation of soybean was not affected. The deleteri‐
ous effects of high levels heavy metals on nodulation and N2 fixation of Rhizobium–fab bean
symbiosis are probably due to their inhibitory effects on the growth and activity of both
symbionts (El-enany and Abd-Alla 1995). Wetzel and Werner (1995) reported that 75 mg kg-
soil as CdCl2 significantly decreased nodulation of alfalfa roots and shoots dramatically in‐
creased. Younis (2007) reported that when 50–200 mg kg-1 soil of Co, Cu, Cd and Zn was
added deliberately to soils used for Lablab purpureus cultivation, these metals significantly
decreased growth, nodulation and nitrogenase activity of plants in both pot and field experi‐
ments. Sepehri et al. (2006) observed that 2 mg Cd/kg soil had a variable effect on symbiotic
properties of S. meliloti strains and consequently on S. meliloti–alfalfa symbiosis. A decreas‐
ing effect of cadmium concentration on root nodules and N concentration in plants inoculat‐
ed with sensitive rhizobial strains in comparison with plants bacterized with tolerant strains
was 68% and 41%, respectively. The effects of metals on rhizobial composition within soil or
nodule environment and different legume genotypes, however, have been contradictory
(Wani et al. 2007a, b, 2008a, b). Mandal et al. (2011) reported that nitrogenase activity was
reduced to almost 2 fold in plants with Arsenate-treated soil but not abolished in root nod‐
ule of blackgram. Their microscopic observations of the cross section of root nodules re‐
vealed that the effective areas of N2-fixing zone were reduced in plants grown in arsenic
contaminated field. Studies examining the effect of Mesorhizobium metallidurans and legumi‐
nous Anthyllis vulneraria symbiosis in soil that was contaminated with Zn, Cd and Pb
showed a significant increase in the total N levels in both plants and soil (Frerot et al. 2006;
Mahieu et al. 2011). Cupriavidus metallidurans is another bacterial species isolated from min‐
ing areas that tolerates high concentrations of heavy metals, and this organism has been
deemed a model of tolerance to metals (Mergeay et al. 2003; Vaneechoutte et al. 2004) and
efficiently nodulates Mimosa pudica (Chen et al. 2008). Recently, a symbiotic capacity for N2

fixation and a high tolerance to heavy metals was demonstrated for some Cupriavidus necator
strains (Ferreira et al. 2012; Silva et al. 2012; Avelar Ferreira et al. 2013).

Metalloprotein (Cd-binding protein) was isolated from nodules of faba bean, grown for 58
days at 100 ppm Cd and 0 Cd by fractionation on a sephadex G-100. The major cadmium
containing protein eluted with a molecular weight higher than 67 kD, close to the void vol‐
ume of the column (200 kD). This protein constituted 38% of the total Cd-binding protein
(metallothioneins). A second peak was noticed in protein fractions of a molecular weight of
about 67 KD. This fraction contained about 53% of Cd-binding protein. A very small amount
of cadmium (ca. 3.4%) was eluted with proteins of 8-17 kD. Apparantly, the cadmium-bind‐
ing protein of 67 kD it appears that Cd-binding proteins play an important role in the detox‐
ification of excess Cd and determining resistance of faba bean-Rhizobium symbiosis to
cadmium toxicity was synthesised only in the presence of appreciable cadmium concentra‐
tions (El-enany and Abd-Alla 1995). The assessment of variation in protein profile is consid‐
ered a good indicator to estimate the level of stress imposed on Rhizobium-legume symbiosis
exposed to heavy metal contamination.
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4. Conclusion

Impact of harsh environmental conditions play an essential role in the control of legume-rhizo‐
bia interactions. They can arrest the growth, multiplication and survival of rhizobia in soil
rhizosphere. The harsh environmental conditions may also have depressive effect on the
steps involved in legume-Rhizobium symbiosis such as molecular signaling, infection proc‐
ess, nodule development and function, resulting in low nitrogen fixation and crop yield. Se‐
lection of hosts and their nitrogen-fixing endosymbionts that are tolerant to a broad range of
environmental stresses is important for agriculture system. Understanding the key molecu‐
lar factors and steps in rhizobia-legume interaction is of crucial importance for the develop‐
ment of Rhizobium strains and legume cultivars with high N2-fixation potential. Prevelence
and aboundance of rhizobia species vary in their tolerance to major environment factors;
consequently, the selection of resistant strains is an important option. Better N2 fixation can
be achieved by selecting tolerance or resistance rhizobia from soil subjected to environmen‐
tal stress. The selection and characterization of harsh conditions-tolerant strains with effi‐
cient symbiotic performance may be a strategy to improve Rhizobium-legume symbiosis and
crop yield in adverse environments. Environmental stress severely affected on various meta‐
bolic activities of legumes including, nod gene expression, photosynthesis, synthesis of pro‐
teins, enzymes and carbohydrates. Therefore, understanding the environmental stress–
rhizobia–legume interactions is urgently required for growing legumes under harsh envi‐
ronmental stress. Research into these areas is currently underway in several research groups
throughout the world and it is anticipated that this research will provide beneficial out‐
comes resulting in improved sustainability and productivity in agricultural systems.
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1. Introduction

Soybean (Glycine max [L.] Merr.) establishes a symbiotic relationship by infection with soybean-
nodulating bacteria and subsequent root nodule formation. Soybean acquires atmospheric
nitrogen as ammonia through the symbiotic nitrogen fixation by soybean-nodulating rhizobia
in the root nodules. The inoculation of soybean with bradyrhizobia that has high ability of
nitrogen fixation is considered to be effective in increasing soybean production. However, the
efficiency of the inoculum may be poor if the inoculum can not compete with indigenous
soybean-nodulating rhizobia in the soil or can not establish an efficient symbiosis with the host
plants because of the increased densities of indigenous rhizobia. To solve this problem, it is
very important to understand the ecology of indigenous soybean-nodulating rhizobia in terms
of their genetic diversity, community structure, geographical distribution, compatibility with
the host soybean, and the ecosystems including environmental factors associated with the
localization and dominance of the rhizobial strains in the soil. Therefore, analysis of the genetic
diversity and field distribution of indigenous soybean-nodulating rhizobia is important to
improve our understanding of rhizobial ecology as well as inoculation methodology under
various environmental conditions. It is likely that the community of soybean-nodulating
rhizobia vary from place to place because various wild soybeans are distributed and various
soybean cultivars are cultivated in the northern to southern regions of the world. In Japan,
Sawada et al. [1] isolated 85 indigenous soybean bradyrhizobia from soybean root nodules
sampled from 46 soybean fields and the isolates were classified based on their serotype using
rabbit antisera prepared against Bradyrhizobium USDA strains as antigens. Minamisawa et al.
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endemism in their population structure. They suggested that bradyrhizobia might diversify
in individual fields depending on the associated host plants and local soil conditions. Soybean-
nodulating bradyrhizobia show physiological and genetic diversity and the bradyrhizobial
community structures are constructed under the various environmental conditions. The major
soybean-nodulating rhizobia that have been identified are Bradyrhizobium japonicum, Bradyr‐
hizobium elkanii, and Sinorhizobium/Ensifer fredii [3-6]. Furthermore, additional species of
soybean-nodulating rhizobia have been extensively discussed in the literature owing to the
complexity of their taxonomical classification [7-11]. Soybean-nodulating bacteria are found
over a wide region of the world, and their genetic diversity reflects geographical and climatic
differences as well as host diversity.

In the host soybean, the genes related to nodulation, the Rj genes, are known as nodulation
regulatory genes, and the Rj genotypes of rj1, Rj2, Rj3, Rj4 and non-Rj which lack these genetical
phenotypes have been confirmed to exist in nature [12-17]. Specific rhizobial strains are
incompatible with soybean cultivars harboring a particular Rj gene. In addition, indigenous
soybean-nodulating rhizobia may show a preference for particular genotypes among the
compatible genotypes, even among soybean plants cultivated in soil samples from the same
field [18-23]. The ability of a soybean plant to host bradyrhizobia depends on the characteristics
of Rj genes. Previous experimental results have also demonstrated that the community
structure of soybean-nodulating bradyrhizobia depends on the host soybean Rj genotype and
on the soybean cultivar, and it varies with cultivation temperature even in an identical soil
sample [24, 25]. Since soybean cultivars harboring Rj genes are involved in the inhibition of
effective nodulation by certain serogroups of rhizobia as well as in the preferential selection
of appropriate rhizobia for nodulation, in the analysis of indigenous soybean-nodulating
bacteria, it is important to use several kinds of Rj-genotypes of soybean cultivars for the
isolation of rhizobia.

In our research group, Saeki et al. [26] investigated the genetic diversity and geographical
distribution of indigenous soybean-nodulating rhizobia isolates from five sites in Japan
(Hokkaido, Fukushima, Kyoto, Miyazaki, and Okinawa) by analyzing their restriction
fragment length polymorphisms of polymerase chain reaction amplicons (PCR-RFLP) of the
16S-23S rRNA gene internal transcribed spacer (ITS) region, with 11 Bradyrhizobium strains
that have USDA numbers as reference strains [27]. We reported that a geographical distribu‐
tion of indigenous bradyrhizobia varied from northern to southern Japan. Furthermore, Saeki
et al. [28] reported that the distribution of soybean-nodulating rhizobial niche in Japan was
strongly correlated with latitude. The representative clusters of the isolated bradyrhizobia
shifted from those of B. japonicum strains USDA 123, 110, and 6T to B. elkanii strain USDA 76T,
moving from northern to southern Japan [29, 30].

The United States of America (USA) is the world’s largest producer of soybeans. North
latitudes between Japan and USA are similar and soybean cultivars are grown at latitudes
similar to those of the soybean production areas of both countries. Understanding the geo‐
graphical distribution of soybean-nodulating rhizobia in the USA therefore, would provide
important knowledge about bradyrhizobial ecology and insights into appropriate inoculation
techniques for soybean-nodulating rhizobia with high nitrogen fixation ability. We investi‐
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gated the relationship between the genetic diversity of indigenous soybean-nodulating
bradyrhizobia and their geographical distribution in the USA using nine communities of
isolates from eight states [31]. We analyzed their genetic diversity and community structure
by means of RFLP of PCR amplicons to target the 16S-23S rRNA gene ITS region, with 11 USDA
Bradyrhizobium strains as reference strains. We also performed diversity analysis, multidimen‐
sional scaling analysis based on the mathematical dissimilarity index, and polar ordination
analysis to describe the structure and geographical distribution of the soybean-nodulating
bradyrhizobial community. The major clusters were B. japonicum belonging to the cluster Bj123
in the northern USA, and B. elkanii in the middle to southern regions. Dominance of bradyr‐
hizobia in a community was generally larger for the cluster belonging to B. elkanii than for the
cluster belonging to B. japonicum. The indigenous American soybean-nodulating bradyrhizo‐
bial community structure was also strongly correlated with latitude as well as that of Japan.
Our results indicated that this community varies geographically. Adhikari et al. [32] revealed
the genetic diversity of soybean-nodulating bradyrhizobia in relation to climate depending on
altitude and soil properties, such as soil pH, in Nepal. Furthermore, our research group
demonstrated that soybean-nodulating rhizobial communities differed greatly in nearby fields
depending on whether the soil was acidic or basic, and it was found that S. fredii strains were
dominant in the alkaline soils of Vietnam and Okinawa, Japan [23, 33]. These results suggest
that a relationship exists between the geographic distribution of indigenous soybean-nodu‐
lating rhizobia, soil temperature (and its variations due to latitude and altitude), and soil pH.

Figure 1. Schematic representation of the theme of this chapter. Are soybean-nodulating bradyrhizobial community
structures similar between the same northern latitude in USA and Japan?

Comparison of Soybean-Nodulating Bradyrhizobia Community Structures Along North Latitude...
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Therefore, knowledge of rhizobial ecology and biology in relation to numerous environmental
factors and the environmental gradients is needed.

This chapter discusses the analysis of soybean-nodulating bradyrhizobial communities isolated
from Rj-genotypes of  soybean cultivars  in  relation to  geographical  differences including
latitudinal gradients between Japan and USA (Fig.1). Analysis of RFLP of PCR amplicons of the
16S-23S  rRNA gene  ITS  region  and mathematical  analysis  of  the  PCR-RFLP results  are
demonstrated as possible approaches to the study of community diversity and ecosystem of
soybean-nodulating rhizobia in relation to the rhizobial endemism in Japan and USA.

2. Classification of indigenous soybean-nodulating bradyrhizobia

Methods that are being developed and available for characterizing bradyrhizobial communi‐
ties, include denaturing gradient gel electrophoresis (DGGE) analysis [34], terminal RFLP (T-
RFLP) analysis [35], and automated ribosomal intergenic spacer analysis (ARISA) [36] using
environmental DNA, and sequence polymorphisms targeting 16S rRNA gene (rDNA), the
16S–23S rDNA ITS region and other genomic and RNA sequences such as house-keeping genes
and symbiotic functional genes [37-42]. In this section on experimental procedures, a relatively
simple and reliable method for the study of indigenous soybean-nodulating bradyrhizobia
isolated from nodules as described in detail previously [29] is demonstrated as one approach
to the study of bradyrhizobial ecology.

2.1. Soil samples

Fresh soils for laboratory soybean cultivation were collected from some fields. We have
analyzed soil samples from sixteen fields in Japan collected from 2004 to 2010 [30], and soil
samples from nine experimental fields and farm fields in eight American states (US soils) in
August 2010 [31] for isolation of soybean-nodulating bradyrhizobia (Table 1). These samples
were weakly acidic-neutral soils collected from different regions along north latitude in these
countries. At least, three soil samples were obtained from each field, to a depth of 10 cm, after
removal of the surface litter, and the samples were homogenized to produce a single composite
sample. Table 1 summarized the location, soil pH, and electric conductivity (EC) at these sites.

2.2. Isolation of indigenous soybean-nodulating bradyrhizobia

Since indigenous soybean-nodulating bacteria should be isolated from cultivars with different
Rj genotypes, the soybean cultivars Akishirome, Bragg, or Orihime for non-Rj genotype,
Bonminori, CNS, Hardee, or IAC-2 for Rj2Rj3 genotype, and Akisengoku, Fukuyutaka, or Hill
for Rj4 genotype were cultivated in culture pots for 4 weeks in our laboratory. Soybean cultivars
were planted in 1 L culture pots. The pots were filled with vermiculite and a 40% (v/v) N-free
nutrient solution [21] and then autoclaved at 121°C for 20 min. The soybean seeds were
sterilized by soaking for 30 s in 70% ethanol and 3 min in a dilute sodium hypochlorite solution
(0.25% available chlorine), and then rinsed with sterile distilled water. A soil sample (2-3 g)
was placed into the vermiculite at a depth of 2–3 cm, and the soybean seeds were sown into
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the soil. The plants were grown for 4 weeks in a growth chamber (day, 28°C for 16 h; night,
23°C for 8 h) with a weekly supply of sterile distilled water. After harvesting, the roots were
washed thoroughly with tap water. The nodules were randomly collected and surface
sterilized for 3 min in 70% ethanol and 30 min in a diluted sodium hypochlorite solution, and
then rinsed with sterile distilled water. Each nodule was homogenized in sterile distilled water,
and was streaked onto a yeast extract–mannitol agar (YMA) [43] plate and incubated for 5–7
days in the dark at 28˚C. To determine the genus of the isolates, a single colony was streaked
onto YMA plates containing 0.002% (w/v) bromothymol blue (BTB) to determine whether the
genus of the isolate was Bradyrhizobium or Sinorhizobium/Ensifer, based on change of BTB color
[44], and incubated as described above. After incubation, each isolate was maintained on YMA
slant medium at 4˚C for later analysis. As a negative control, soybean plants grown without
soil were confirmed to form no nodules, eliminating the possibility of contamination with
soybean-nodulating bacteria. Total number of soybean-nodulating bradyrhizobia isolated
from each Rj-genotype soybean, for a sample soil, was considered as a soybean-nodulating
rhizobial community in the soil sample.

Table 1. Soil sample and the location of the sampling site, soil pH and EC in Japan and USA.
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2.3. PCR-RFLP analysis of the 16S-23S rRNA gene ITS region

For DNA extraction, we cultured each isolate in 1.5 mL of HEPES-MES (HM) medium [45]
supplemented  with  0.1%  L-arabinose  [46]  for  5  days  at  28°C.  Total  DNA  for  the  PCR
template was extracted from the HM culture of the isolate as described by Hiraishi et al.
[47]. Bacteria cells cultured in the HM medium were collected by centrifugation and washed
with sterile distilled water. The cell pellet was suspended in 200 µL sterile distilled water.
Then 40 µL of the suspension was mixed with 50 µL of BL buffer (40 mM Tris-HCl, 1%
Tween 20, 0.5% Nonidet P-40, 1 mM EDTA, pH 8.0) and 10 µL of proteinase K (1 mg mL-1)
and incubated at 60 °C for 30 min. Thereafter, the digested sample was incubated at 95 °C
for 5 min.  The sample was centrifuged at 15,000 × g for 10 min to remove undisrupted
cells and large debris, and the supernatant was collected with a pipette. In the phylogenet‐
ic analysis, reference strains were used to classify the isolates, namely, eleven Bradyrhizobi‐
um USDA strains (B. japonicum USDA 4, 6T, 38, 110, 115, 123, 124, and 135, and B. elkanii
USDA 46, 76T, and 94) were used in the RFLP analysis of the 16S-23S rRNA gene ITS region
[27]. Total DNAs of the reference strains were extracted by means of the same procedure
as  that  used  for  the  isolates.  In  our  study,  PCR  was  carried  out  with  Ex  Taq  DNA
polymerase (TaKaRa Bio Inc., Otsu, Shiga, Japan). For ITS amplification, an ITS primer set
(BraITS-F:  5’-GACTGGGGTGAAGTCGTAAC-3’,  BraITS-R:  5’-ACGTCCTT‐
CATCGCCTC-3’)  designed  for  amplification  of  the  16S-23S  rRNA  gene  ITS  region  of
bradyrhizobia [26] was used for the PCR reaction. The PCR cycle consisted of a pre-run at
94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 55
°C for 30 s, and extension at 72 °C for 1 min, with a final extension at 72 °C for 10 min.
The RFLP analysis  of  the  amplicon was  performed with  the  restriction enzymes HaeIII,
HhaI,  MspI,  and XspI  (TaKaRa Bio  Inc.).  The  restriction  fragments  were  separated  by  a
capillary electrophoresis apparatus (QIAxcel, Qiagen, UK) and submerged gel electrophore‐
sis with ethidium bromide for visualization.

2.4. Cluster analysis

To construct a dendrogram based on the result of PCR-RFLP analysis for soybean-nodulating
isolates, the fragment sizes on the electrophoresed gel were calculated by using appropriate
fragment size markers and the fragment sizes deduced from the sequences of the reference
strains. All reproducible fragments longer than 50 bp were used for the cluster analysis, but
some irreproducible fragments were excluded. The genetic distance between pairs of isolates
(D) was calculated using the following equation (1):

( ) 1 –  2 / ,AB A BD N N N= +é ùë û (1)

where NAB is the number of RFLP bands shared by strains A and B, and NA and NB are the
numbers of restriction fragments of each of the two strains, respectively [48, 49]. The D values
were calculated for all pairs of isolates, the cluster analysis was conducted by the unweighted
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pair group method using the arithmetic average (UPGMA), and a dendrogram was construct‐
ed with the PHYLIP software (J. Felsenstein, University of Washington, Seattle, WA, USA;
http://evolution.genetics.washington.edu/phylip.html).

Community structures of soybean-nodulating bradyrhizobia from each soil samples were
summarized into Table 2, as bradyrhizobial community structures from Japanese soils, and
into Table 3, as those from US soils, respectively. Dendrograms constructed from these data
are demonstrated in our reports [26, 30, 31, 33]. As reference strains, we used B. japonicum
USDA strains 4, 6T, 38, 110, 115, 123, 124, and 135 and B. elkanii USDA strains 46, 76T, and 94.
Although the topology can differ between dendrograms based on reference strain sequence
data and those based on RFLP patterns, for analysis of soybean-nodulating bradyrhizobial
communities, the dendrogram obtained as described is acceptable, because it is important to
classify the numerous isolates into reliable clusters and/or groups based on reference strains.
Furthermore, since the topology of a dendrogram can also differ depending on the electro‐
phoretic resolution, fragment detection sensitivity, and analysis accuracy, it is important to
classify isolates into appropriate RFLP patterns and clusters by using appropriate reference
strains and restriction enzymes.

Upper number in each column indicates a whole number of isolates and lower indicates a number of isolates from non-
Rj, Rj2Rj3, and Rj4, respectively.

Table 2. Cluster and the number of soybean-nodulating bradyrhizobia from Japan based on the report from Saeki et
al. [30].
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Upper number in each column indicates a whole number of isolates and lower indicates a number of isolates from non-
Rj, Rj2Rj3, and Rj4, respectively.

Table 3. Cluster and the number of soybean-nodulating bradyrhizobia from USA based on the report from Shiro et al.
[31].

2.5. Confirmation of nodule formation of isolate

Several representative isolates in each operational taxonomic unit (OTU) of the dendrogram
were confirmed for their nodulation capability on host soybean by inoculation test. Each isolate
was cultured in yeast extract-mannitol broth (YMB) culture [43] for 6 days at 28°C, and the
cultures were then diluted with sterile distilled water to approximately 106 cells mL-1. The
soybean seeds were sown into 500 mL prepared culture pots without soil, as described above,
and inoculated with a 1 mL aliquot of each isolate per seed, with two or three replicates. We
assessed nodule formation after 3 weeks in a growth chamber under the conditions described
above.

3. Mathematical ecology analysis of soybean-nodulating bradyrhizobial
communities

In previous section, we investigated the polymorphisms of 16S-23S rRNA gene ITS region
of  soybean-nodulating  isolates  and  analyzed  the  community  structures  to  elucidate
bradyrhizobial ecology along latitude between Japan and USA. Several soybeans that are
different in Rj-genotypes were cultivated for four weeks on the soil for isolation of soybean-
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nodulating bradyrhizobia. Polymorphisms of the isolates were detected by RFLP of 16S-23S
rRNA gene ITS regions with HaeIII, HhaI, MspI, and XspI, with B. japonicum  USDA 4, 6T,
38, 110, 115, 123, 124, 135, B. elkanii USDA 46, 76T, 94, as reference strains. As a result, 12
clusters from Japan and 9 clusters from USA were obtained (Tables 2 and 3).  Isolates in
this study were confirmed to belong to the genus Bradyrhizobium on the basis of their ability
to form nodules on soybean roots, alkaline production on YMA medium containing BTB,
and the PCR-RFLP analysis results. Among the clusters, Bj123, Bj110, Bj6, and Be76, from
northern to southern regions, were isolated most frequently, followed by Be94, Bj115 from
Japanese soils. In US soils, Bj123 was also dominant in the northern regions, whereas Be46,
Be76, and Be94 were dominant in the central to southern regions, and Bj6 and Bj110 were
moderately dominant in the central  regions.  In this  section,  mathematical  approaches to
the analysis of soybean-nodulating bradyrhizobial community diversity are demonstrated
using the community structures of indigenous bradyrhizobia isolated from Japanese soils
and US soils, presented in Tables 2 and 3.

3.1. Diversity indices analysis among field sites

To estimate differences among the diversities of the soybean-nodulating bradyrhizobial
communities at different field sites, we used the Shannon-Wiener diversity index [50, 51].
Shannon-Wiener diversity index (H’) was calculated for each field site with equation (2):

’  – ln .H Pi Pi= å (2)

The Pi is the dominance of the isolate, expressed as (ni/N), where N and ni are the total number
of isolates tested and the number of isolates belonging to a species, B. japonicum (Bj) or B.
elkanii (Be), or a particular cluster at each field site, respectively. Thereafter, we calculated the
alpha diversity (H’α), beta diversity (H’β), and gamma diversity (H’γ) to estimate the differences
in the bradyrhizobial communities between pairs of soil samples [52, 53]. The H’α index
represents a weighted average of the diversity indices of comparing two bradyrhizobial
communities, the H’β index represents the differences between the bradyrhizobial communi‐
ties from two soil samples (i.e., differences between sites), and the H’γ index represents the
diversity of the total isolate communities from the two soil samples (Figure 2).

The relationship among these indices is expressed as the equation (3):

’ ’  .– ’H H Hb g a= (3)

Thereafter, we estimated the differences among the compositions of the bradyrhizobial
communities by comparing the ratio of beta to gamma diversity as the equation (4), taking into
consideration the difference in gamma diversity in each pairwise comparison of bradyrhizo‐
bial communities.
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3.2. Result of diversity indices analysis

At the northern sites, most isolates were classified into cluster Bj123, and the proportion
of  isolates  in  cluster  Bj123  decreased  southward.  On  the  other  hand,  the  frequency  of
isolation of  B.  elkanii  increased southward,  and the  proportion of  B.  elkanii  isolates  was
highest at the southern sites among the soil sample sites. As described above, Bj123, Bj110,
Bj6, and Be76 clusters were isolated most frequently, from northern to southern regions in
Japan. In US soils, Bj123 was also dominant in the northern regions, whereas Bj6 and Bj110
clusters were moderately dominant in the central regions, and Be46, Be76, and Be94 clusters
were major in the central to southern regions in USA. In In comparing the northern and
southern  sites  of  both  countries,  beta  diversities  (H’β  /  H’γ)  were  higher  than  other
comparisons  (Tables  4  and  5,  Figs.  3-6).  These  results  mean  that  difference  between
bradyrhizobial  community  structures  become larger  in  the  case  of  comparison  between
northern and southern sites, and smaller in the case of similar latitudes. However, since
varieties of beta diversities (H’β / H’γ) were larger in community structures of Japanese soils
than those of US soils, tendency of beta diversity (H’β / H’γ), in comparison of bradyrhizo‐
bial community structures, is obscure as compared to those of US soil samples. This reason
is  due  to  the  fact  that  some soil  samples  indicated  high  proportion  of  Bj110  cluster  in
Japanese bradyrhizobial community structures.

Figure 2. Schematic representation of alpha, beta, and gamma diversities of soybean-nodulating rhizobial communi‐
ties.
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Data in the upper triangle were based on the species (Bj and Be) data, and that in lower triangle were based on the cluster
data.

Table 4. The ratio of beta to gamma diversity (H’β/ H’γ) among soybean-nodulating bradyrhizobial communities in
Japan.

Figure 3. The ratio of beta to gamma diversity (H’β/ H’γ) among pairs of soil sample sites based on the species (Bj and
Be) data in Japan.
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Figure 4. The ratio of beta to gamma diversity (H’β/ H’γ) among pairs of soil sample sites based on the cluster data in
Japan.

Data in the upper triangle were based on the species (Bj and Be) data, and that in the lower triangle were based on the
cluster data.

Table 5. The ratio of beta to gamma diversity (H’β/ H’γ) among soybean-nodulating bradyrhizobial communities in
USA.
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Figure 5. The ratio of beta to gamma diversity (H’β/ H’γ) among pairs of soil sample sites based on the species (Bj and
Be) data in USA.

Figure 6. The ratio of beta to gamma diversity (H’β/ H’γ) among pairs of soil sample sites based on the cluster data in
USA.
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In the comparison between Japan and USA, bradyrhizobial community structures based on
the species Bj and Be at similar geographical latitude indicated lower beta diversities and
higher beta diversity at different geographical latitudes even in the comparison of different
countries, Japan and USA (Table 6). On the other hand, in the comparison of beta diversities
of community structures based on the cluster compositions, varieties of beta diversities (H’β /
H’γ) were also larger due to high proportion of Bj110 cluster in some Japanese bradyrhizobial
community structures, though tendency of results were similar to the result of H’β / H’γ based
on the species data (Table 7).

Table 6. The ratio of beta to gamma diversity (H’β/ H’γ) among soybean-nodulating bradyrhizobial communities in the
comparison between Japan and USA based on the species (Bj and Be) data.

3.3. Multidimensional scaling analysis

To describe the characteristics of the bradyrhizobial communities and the differences among
field sample sites, we performed a multidimensional scaling (MDS) analysis based on the Bray-
Curtis similarity measure. The Bray-Curtis similarity measure [54] has a robust monotonic
relationship with ecological distance and a robust linear relationship with ecological distance
up to large values of the distance. Thus, the Bray-Curtis similarity measure (BC) is one of the
indices that best reflect the properties between communities [55]. The Bray-Curtis similarity
measure was calculated using the following equation (5):

( )  –  | ,  | /AB A B A BBC n n n né ùé ù å +ë û ëå û= (5)
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where BCAB is the dissimilarity between communities A and B, and nA and nB represent the
total number of strains in B. japonicum (Bj) and B. elkanii (Be), or the number of strains in
a  particular  cluster  for  communities  A  and  B.  The  MDS  analysis  based  on  the  Bray-
Curtis similarity measure was conducted using the command “cmdscale” in the R software
program version 2.15.1 (http://www.r-project.org/). Results of MDS analysis were indicat‐
ed as two-dimensional (2-D) MDS analysis and three-dimensional (3-D) MDS analysis based
on the species (Bj and Be) as independent variables or the clusters as independent variables.

Table 7. The ratio of beta to gamma diversity (H’β/ H’γ) among soybean-nodulating bradyrhizobial communities in the
comparison between Japan and USA based on the cluster data.

3.4. Result of MDS analysis

As a result of MDS analysis of Bj and Be data set, the width of third dimension range was small
in the 3-D MDS result, and it was considered that 2-D MDS result was able to explain their
relationships among community structures (Figs. 7 and 8). As shown in Figure 7, communities
mainly consisted of Bj were arranged at left part, and those mainly consisted of Be were
arranged at right part of the MDS result. This result suggests that similar community compo‐
sitions by Bj and Be exist in Japan and USA. Difference between Japan and USA is that
frequency of isolation of Be of USA is higher than that of Japan. Thus, many bradyrhizobial
communities of USA were positioned at right part of the 2-D MDS result.

In the case of characterization of community structures by MDS analysis based on Bj and
Be as variables, 2-D MDS was reasonable to explain their relationships among communi‐
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ties because of only two variables, Bj and Be. However, in the case of characterization of
community structure by MDS based on the cluster sets,  3-D MDS was more suitable to
explain  their  relationships  among communities  (Figs.  9  and 10).  This  means  that  much
number of clusters as variables are necessary for characterization of relationships among
bradyrhizobial  community  structures.  As  described above,  cluster  Bj123,  Bj110,  Bj6,  and
Be76,  from  northern  to  southern  regions  in  Japan,  were  isolated  with  high  frequency,
followed by Be94, Bj115 from Japanese soils. In US soils, Bj123 was also dominant in the
northern  regions,  and  Be46,  Be76,  and  Be94  were  dominant  in  the  central  to  southern
regions, and Bj6 and Bj110 were moderately dominant in the central regions.  In the 3-D
MDS result, similar coordinates were shown among bradyrhizobial communities isolated
from soil  samples,  if  the  latitudes  of  the  sample  sites  were  near,  without  affecting  the
distance between Japan and USA. To inspect this result, a relationship between bradyrhizo‐
bial  community  structures  and  latitudes  was  investigated  by  a  polar  ordination  of  3D-
MDS coordinates of the community structures in the next analysis.

Figure 7. Result of 2D-MDS analysis based on Bj and Be and the number of isolates as independent variables.
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Figure 8. Result of 3D-MDS analysis based on Bj and Be and the number of isolates as independent variables.

Figure 9. Result of 2D-MDS analysis based on the clusters and the number of isolates as independent variables.
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Figure 10. Result of 3D-MDS analysis based on the clusters and the number of isolates as independent variables.

3.5. Polar ordination of community diversity and latitude

The 3-D MDS results were analyzed mathematically by comparing percentage differences
between pairs of soybean-nodulating indigenous bradyrhizobial communities and by using a
polar ordination analysis [56, 53] to examine the geographical distributions of soybean-
nodulating bradyrhizobia between Japan and USA (Fig. 11). To determine the relative
distances between the diversities based on the 3-D MDS plots of the communities in the 3-D
Euclidean space as a function of latitude (°N), we calculated the Euclidean distances between
the bradyrhizobial communities and poles. The MDS plot of Michigan was set as the northern
pole, and that of Ishigaki was set as the southern pole, according to their latitudes of sample
sites (Table 1). The distances between the MDS plots were calculated using the coordinates on
the x-, y-, and z-axes as the Euclidean distance (Ed) using the equation (6):

( ) ( )2 22 1/2
AB A B A B A B – –[( ]–) ,Ed X X Y Y Z Z= + + (6)
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where EdAB is the linear distance between communities A and B in the MDS plot and XA and
XB, YA and YB, and ZA and ZB represent the x (axis 1 in 3-D MDS), y (axis 2 in 3-D MDS), and z
(axis 3 in 3-D MDS) coordinates of communities A and B, respectively. The distances from each
pole were converted into percent differences, D1 and D2, from the two polar communities (i.e.,
the Michigan and Ishigaki sites, which were considered to have a 100% difference). Simulta‐
neous equations were constructed from the trigonometric figure using the Pythagorean
theorem as described previously [28, 29].

Figure 11. Schematic representation of polar ordination analysis.

Parameter x represents the polar difference (%) from the 0% pole (Ishigaki site) and is calcu‐
lated as the following equation (7):

2 2 2
1 2  /  ( ,) 2x L D D L= + - (7)

where D1 and D2 are the percentage differences between a particular bradyrhizobial commun‐
ity and the communities at Ishigaki and at Michigan, respectively. Parameter L represents the
100% polar difference between the poles. Then, polar differences were calculated from the
trigonometric diagram and plotted against the latitudinal difference between sites. The
relationship of the polar ordination and the latitudes of the field sampling sites were estimated.
This analysis was conducted for united data of sample soil site, based on the species (Bj and
Be) and the clusters, for estimation of community structure distribution.
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Figure 12. Relationship between latitude and polar difference based on 3D-MDS from Bj-Be data set.

Figure 13. Relationship between latitude and polar difference based on 3D-MDS from the cluster data set.
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Figure 13. Relationship between latitude and polar difference based on 3D-MDS from the cluster data set.
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3.6. Result of polar ordination analysis

As shown in Figs. 12 and 13, the flora of indigenous soybean rhizobia changed gradually from
north to south, and a distinctive flora was detected at each field site. The results of the polar
ordination analysis showed that indigenous soybean-nodulating bradyrhizobial community
structure was correlated with latitude. This result suggests that the community of indigenous
bradyrhizobia at a particular geographical location might be affected by soil temperature
associated with latitude or the diversity of the associated host plants acclimatized to that region’s
climate. In our report, the higher dominance of localized B. elkanii strains in the soil was detected
in USA [31]. In USA, the regression equations were shifted to lower than those of Japan. This is
due to higher proportions of B. elkanii isolates in USA than those of Japan, though Bj123 was
dominant in northern regions in both countries. The reason of dominance of B. elkanii in USA
can be discussed based on other previous reports. Keyser et al. [57] examined the distribution
of indigenous soybean-nodulating rhizobia in USA and found that serogroup of B. japonicum
USDA123 was dominant in northern regions and B. elkanii in southern regions. Minamisawa et
al. [58] investigated the preference of nodulation of soybean cultivars, a wild soybean progen‐
itor (Glycine soja), and siratro (Macroptilium atropurpureum) by B. japonicum and B. elkanii strains.
The result was that B. japonicum and B. elkanii preferentially nodulated G. max and M. atropur‐
pureum, respectively, whereas both bradyrhizobial species formed nodules on G. soja with
similar efficiency. Marr et  al.  [59] reported that Amphicarpaea bracteata  performed nodule
formation with B. japonicum and B. elkanii and performed nitrogen fixation with B. elkanii, though
A. bracteata will not be the original host for B. elkanii. Furthermore, the microevolution and
origins of Bradyrhizobium populations in eastern North America associated with soybean and
native legumes (A. bracteata and Desmodium canadense) was investigated using genetic charac‐
terization by multilocus sequence typing of six core (housekeeping) gene sequences and two
symbiotic  gene  sequences,  and  the  results  suggested  that  soybean-nodulating  bacteria
associated with native legumes represent a novel source of ecologically adapted bacteria for
soybean inoculation [60]. Siratro is a major pasture legume that is cultivated in the tropics and
subtropics, including parts of Australia, South and Central America, and some Pacific islands
[61]. Additionally, A. bracteata is an annual legume that distributes widely in eastern North
America [62, 63]. The presence of these legumes that have compatibility for nodulation with B.
elkanii might be a reason to contribute strongly to the high dominance of B. elkanii in eastern
North America.

In previous study, B. elkanii isolates were detected with high frequencies from southern regions
of Japan [26, 33]. However, in those soil samples, isolation rates of B. elkanii were relatively
low, and dominant isolates from fine-particle soils belonged to the Bj110 cluster (Table 2). In
the United States, indigenous soybean-bradyrhizobia belonging to Bj123 cluster are dominant
in northern regions, and Be clusters are dominant in central and southern regions [54, 31]. The
Bj110 cluster is detected in central regions, but in association with few bradyrhizobia. These
results suggest that soil chemical and/or physical properties determined by soil texture (e.g.,
silt versus clay) might affect indigenization and/or nodulation of soybean-nodulating bradyr‐
hizobia. Fine-particle soils developed under paddy field conditions such as Gray Lowland soils
might be suitable for indigenization of strains such as USDA110 strain under temperate climate
regions. It has also been reported that soybean cultivation management practices affect the
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genetic variance of soybean-nodulating bacteria [64, 65]. Concerning the structure of soybean-
nodulating bacterial communities, it is therefore necessary to consider soil types, cultivation
conditions (e.g., sowing period), soil temperature, and soil management practices.

As a summary of these results, it is indicated that the composition of indigenous soybean-
nodulating bradyrhizobial community was correlated with latitude in temperate regions. And
it is suggested that the community structure of indigenous bradyrhizobia at a particular
geographical location will be affected by soil temperature and/or the diversity of the associated
host plants acclimatized to that region’s climate, with some exceptions in the case of fine-
particle soils as discussed above, and alkaline-salinity soils, in which Bradyrhizobium serogroup
135 or Sinorhizobium/Ensifer fredii dominate [23, 33, 66-69].

4. Conclusion and future prospects

In this chapter, the RFLP analysis of the 16S–23S rRNA gene ITS region and mathematical
analysis of the PCR-RFLP results were demonstrated as possible approaches to the study of
community diversity and ecosystem of soybean-nodulating bradyrhizobia in relation to the
rhizobial endemism in Japan and USA. As a result, generally, B. japonicum and B. elkanii
generally indicated dominant existence from north to middle regions and from middle to south
regions in both countries, respectively. Cluster Bj123 was dominant in northern regions, and
cluster Be76 was dominant in southern regions in both countries. The bradyrhizobial com‐
munity in USA was consisted from mainly Bj123, Bj110, Bj6, Be46, Be76, and Be94 clusters and
diversity of Be cluster was higher than in Japan, and the bradyrhizobial community in Japan
was consisted from mainly Bj123, Bj110, Bj6 and Be76 clusters and diversity of Bj clusters was
higher than in USA. High coefficient of correlation was detected between community struc‐
tures and north latitude. These results suggested that ecological niche of soybean-nodulating
bradyrhizobial community will be detected along latitude, as a function of latitude and soil
temperature.

The geographical distribution of bradyrhizobia along latitude reflects soil taxonomy such as
zonal soils, the distribution of which on earth are affected by climate changes as a function of
latitude. In contrast, the cluster of B. japonicum USDA 110 was dominant on fine-particle soils.
The distribution of these strains reflects in part the distribution of soils such as intrazonal soils
and is affected by water conditions and the oxidation-reduction potential in the soil. One of the
reasons for the high occupancy of the Bj110 cluster in fine-particle soils might be strain capability
for denitrification of bradyrhizobia. Though the end products of denitrification depend on the
strain capability, B. japonicum strain USDA110 possesses a full set of functional denitrifying
genes and reduces NO3

– to N2 [70]. Furthermore, this strain evinces the denitrifying capability
to reduce N2O surrounding the soybean root system [71]. Recently, Itakura et al. [72] demonstrat‐
ed the mitigation of N2O emission from soils by inoculation of soils with B. japonicum US‐
DA110 under field conditions. Therefore, utilization of useful bradyrhizobia that evince high
N-fixing and full denitrifying capabilities is important not only for increasing yields but also
for environmental conservation in agriculture and concerning the global warming.
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Additionally, there are many reports on genetic diversity of soybean-nodulating rhizobia in
subtropical-tropical regions. Appunu et al. [73] reported the genetic diversity of bradyrhizo‐
bia isolated from soybeans in India, and Jaiswal et al. [42] also reported the genetic diversity of
soybean-nodulating rhizobia in India. They indicated the difference of soybean-nodulating
rhizbial ecosystem from temperate regions and their broad host range. Yokoyama et al. [74] and
Ando and Yokoyama [75] reported on Bradyrhizobium spp., which are different from B. japonicum
and B. elkanii, based on genetic diversity of soybean-nodulating rhizobia in Thailand. Abai‐
doo et al. [76] reported heterogeneity of Bradyrhizobium spp. isolated from the new soybean
cultivars in Africa as compared to bradyrhizobia from North American soybeans. These results
suggest that diversity of soybean-nodulating rhizobia in subtropical-tropical regions and their
ecosystems will be different from those in temperate regions. Further research on diversity and
ecology of soybean-nodulating rhizobia in subtropical-tropical regions must be conducted for
numerous environmental factors, containing soil types, climate conditions and soil manage‐
ments to elucidate their ecology and to utilize their ecological traits for agriculture.

Because direct characterization of bradyrhizobial community structure in soil has so far been
difficult, the characterization of rhizobial community structure has been limited with infor‐
mation coming only from analysis of soybean-nodulating rhizobial communities. It must be
developed that the direct methods for the characterization of indigenous bradyrhizobial
populations and community diversity in soils. Methods of characterizing indigenous rhizobial
community structure from environmental DNA and use of media selective for bradyrhizobia
from soil samples must therefore be developed to advance our understanding of indigenous
rhizobial ecology and for construction of reliable models of soybean-nodulating rhizobial
community structure.
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Chapter 9

Effects of Rhizobium Inoculation on Nitrogen Fixation
and Growth of Leguminous Green Manure Crop Hairy
Vetch (Vicia villosa Roth)

Takashi Sato

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56992

1. Introduction

A green manure crop is used primarily as a soil amendment and a nutrient source for subse‐
quent crops [1]. Legumes have been utilized as biofertilizer in agriculture, because legumes can
fix atmospheric dinitrogen (N2) and accumulate a large amount of nitrogen in their organs.
Accordingly, incorporating of a leguminous green manure crop provides a large amount of
nitrogen and carbon source to the soils for subsequent crops. There are many leguminous green
manure crops and they have been utilized all over the world [2, 3]. Table 1 shows dry weight
and nitrogen accumulation of leguminous green manure crops. Legumes including clover, vetch
and field pea are cultivated as winter cover crops [4, 5, 6]. They are sometimes planted together
with winter cereals such as oats, rye or wheat. Legumes such as cowpea, sesbania, crotalaria or
velvet beans may be grown as summer green manure crops to add nitrogen as well as organic
matter to the soils [7, 8, 9, 10]. Chinese milk vetch (Renge in Japanese) and so on have been
cultivated mainly southwest area in Japan, which locate in a warm climate zone [12, 13].

Hairy vetch [Vicia villosa Roth] is a leguminous cover crop and used for nutrient manage‐
ment as green manure and weeding in southwest area of Japan. Vetches (plants of the genus
Vicia) are distributed throughout the temperate zones. There are many species of vetch, and
they are important for agriculture. The species in commercial use, including hairy vetch,
are all native to Europe or western Asia. Hairy vetch is a winter annual plant, and some
hairy vetch cultivars can grow over winter even in north area of Japan. Recently, hairy vetch
is used for increasing soil fertility and improvement of soil structures in an upland field
converted from paddy field (Fig. 1).

© 2014 Sato; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Figure 1. Photos of shoot (A) and root (B) of hairy vetch planted in a upland field converted from paddy field in Akita,
Japan.

Legumes
Dry weight
(t ha-1)

N accumulation
(kg ha-1)

Soybean [Glycine max (L.) Merr.] 2.8~5.8 31~174

Sunn hemp [Crotalaria juncea] 0.9~11.1 23~279

Siratro [Macroptilium atropurpureum] 2.4~5.5 62~178

Velvet bean [Mucuna pruriens] 1.7~9.3 53~183

Sesbania [Sesbania rostrata] 3.2~4.6 71~88

Mung bean [Vigna radiata] 1.1~5.5 26~88

Cowpea [Vigna unguiculata] 0.6~8.5 15~154

Alfalfa [Medicago sativa] 0.5~5.7 21~174

Barrel medic [Medicago truncatula] 1.0~4.5 37~131

Field pea [Pisum sativum L.] 3.2~7.6 107~230

Crimson clover [Trifolium incarnatum L.] 1.4~7.3 35~200

Red clover [Trifolium pratense L.] 0.3~3.7 13~115

White clover [Trifolium repens L.] 0.6~25 17~592

Chinese milk vetch [Astragalus sinicus L.] 3.4~4.9 101~158

Hairy vetch [Vicia villosa Roth] 1.5~10.0 58~257

Results showed by Cherr et al. [1] were modified.

Table 1. Dry weight and nitrogen accumulation of leguminous green manure crops.
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2. Nitrogen utilization of hairy vetch

Hairy vetch absorbs and utilizes soil nitrogen mainly in the forms of NH4
+ and NO3

- by the
roots, and can fix atmospheric nitrogen by the root nodule that is a symbiotic organ with
Rhizobium leguminosarum bv. viciae (Fig. 2). Hairy vetch planted in a field can accumulate
100~200 kg nitrogen ha-1 year-1 in the plant. The accumulated nitrogen consists of about 90 %
of nitrogen fixation by the nodules and about 10 % of absorbed soil nitrogen by the roots
estimated from the results of 15N natural abundance technique. The nitrogen concentration of
the organs is 3~4 % with CN ratio about 10-12, and total dry matter ranges 200-500 g m-2 under
field conditions in Japan.

N2 fixation

Mineralization

NO3
- NH4

+

Nodule
(Rhizobia)

Atmospheric nitrogen
N2

Figure 2 Nitrogen flow and utilization of a legume plants (Hairy vetch).
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Figure 2 Nitrogen flow and utilization of a legume plants (Hairy vetch).
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Figure 2. Nitrogen flow and utilization of a legume plants (Hairy vetch).

In early growth stage, hairy vetch plants sometimes show very poor plant growth and exhibit
nutritional disorder that the leaves and stems turn to red color. From the results we investi‐
gated, the poor plant growth and the nutritional disorder is caused by nitrogen deficiency.
Most of the soil nitrogen exists as organic matter, and the soil nitrogen is mineralized to
inorganic nitrogen (NH4

+ and NO3
-) by microorganisms. When temperature is low in autumn,

the rate of the soil nitrogen mineralization becomes slow because of low activity of the
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microorganisms in the soil. For that reason, hairy vetch cannot easily utilize soil nitrogen under
low temperature conditions. On the other hand, it is considered that nitrogen deficiency is
related to the poor nodule formation and low nitrogen fixation activity of the rhizobia in the
nodules. It is assumed that there is no rhizobia compatible with hairy vetch in the soil or some
indigenous rhizobia show low nitrogen fixing activity under low temperature conditions in
northeast area of Japan.

3. Isolation of a superior hairy vetch rhizobium

Rhizobium is a genus of Gram-negative soil bacteria and universally survives in a soil. Rhi‐
zobium colonizes in the leguminous plant cells within root nodules, and fixes atmospheric
dinitrogen (N2) to ammonia. Rhizobium provides ammonia as nitrogen source to the host
plant, and the host plant provides the rhizobium (bacteroid) organic compounds made by
photosynthesis. There is strong host specificity in the symbiosis between rhizobia and legumes.

Hairy vetch establishes symbiosis with Rhizobium leguminosarum bv. viciae and conducts N2

fixation by the nodules. The physiological and genetic diversity of rhizobium is very compli‐
cated in the soil [14]. If hairy vetch is infected by a rhizobium that has low affinity for hairy
vetch or has low N2 fixation activity, the host plant hairy vetch shows very poor plant growth.
So, for good hairy vetch growth it is important to isolate a superior hairy vetch rhizobium and
inoculate to the hairy vetch with a superior rhizobium.

Several hairy vetch rhizobium had been isolated from a heavy soil of the upland field converted
from a paddy field in Hachirougata polder, Akita Japan. A superior hairy vetch rhizobium
was obtained from the isolates and named Y629. The superior hairy vetch rhizobium Y629 was
identified Rhizobium leguminosarum bv. viciae by 16S-rRNA gene analysis.

4. Effect of inoculation of Y629 on hairy vetch growth

Seeds of hairy vetch were sown in vermiculite medium supplied with nitrogen free culture
solution with inoculation of Y629 or indigenous rhizobia. The hairy vetch plants were grown
in a growth chamber with high temperature treatment (day:22°C-12 h, night:18°C -12h) or low
temperature treatment (day;15°C -12 h, night;7°C -12h).

Hairy vetch plants with inoculation of Y629 normally grew, whereas the plants with inocula‐
tion of indigenous rhizobia appeared nutritional disorder irrespective of temperature with
poor plant growth (Fig. 3). In high temperature treatment, the nodule number with inoculation
of Y629 was fewer than that with inoculation of indigenous rhizobia. However, the nitrogen
fixation activity (ARA) per plant with inoculation of Y629 was about two times higher than
that with inoculation of indigenous rhizobia. The nitrogen fixation activity with inoculation
of Y629 was high even in low temperature condition. These results indicate that the superior
hairy vetch rhizobium Y629 shows high nitrogen fixation activity, and Y629 is considered to
have low temperature tolerance in a symbiotic state.
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Inoculated with Y629Inoculated with 
indigenous rhizobia

Figure 3. Hairy vetch inoculated with Y629 or indigenous rhizobia at high temperature treatment (Day:22ºC 12h,
night: 18ºC 12h).

The nodulation was observed in all the plants, but some nodules with inoculation of indige‐
nous rhizobia showed dark greenish color inside. It has been known that leghemoglobin, a red
hemeprotein specifically accumulated in nodules, is an important role in nitrogen fixation in
which protects nitrogenase from inactivation by molecular oxygen (O2) [15]. The concentration
of leghemoglobin in the nodule is an indicator of nitrogen fixation activity. The section of all
the nodules inoculated with Y629 showed red color, which is considered as the accumulation
of normal leghemoglobin in the infected region of the nodules. However, some nodules
inoculated with indigenous rhizobia exhibited dark color, and those sections showing dark
greenish color in the infected region of the nodules which is derived from the decomposition
product of leghemoglobin (Fig. 4). The nodules showed dark color might have low or no
nitrogen fixation activity. This phenomenon is considered to be an early senescence of nodules
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caused by the end of symbiosis. It is assumed that rhizobium harbored in the dark color
nodules have low affinity for the host plant. It is interesting to note that some rhizobium can
infect and form a nodule with host plant, but cannot maintain symbiosis with their host plants.

Inoculated Y629Inoculated  indigenous Rhizobia

Figure 4   Nodulation and section of nodule of hairy vetch inoculated with 
Y629 or indigenous rhizobia at high temperature treatment (Day:22ºC 12h, 
night: 18ºC 12h).
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night: 18ºC 12h).

Figure 4. Nodulation and section of nodule of hairy vetch inoculated with Y629 or indigenous rhizobia at high tem‐
perature treatment (Day: 22°C 12h, night: 18°C 12h)

5. Effect of inoculation of Y629 in a field

An upland field converted from a paddy field in Hachirougata polder, Japan was used for this
field experiment. The soil type is heavy clay soil and pH is 6.5. There is no hairy vetch planting
history in the field. Seeds of hairy vetch were sown with or without inoculation of Y629 in
early autumn. Rhizobium Y629 was cultured in YM broth at 30 ºC for 3 days. The culture
solution was mixed with vermiculite and peat-moss, and then the seeds of hairy vetch were
coated by Y629 mixture. The sowing density was 30 kg ha-1 that is about 200 seeds m-2.

In the field experiment, there was no outstanding effect of Y629 inoculation on the hairy vetch
growth before winter. In early spring, the stem length with inoculation of Y629 was as long as
that without inoculation. However, about 10 % of the hairy vetch showed nutritional disorder
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in the non-inoculation treatment. It is supposed that the hairy vetch inoculated with Y629 was
avoided nitrogen deficiency according to high nitrogen fixation activity by the nodules infected
with Y629. In non-inoculation treatment, some hairy vetch plants were infected with indige‐
nous rhizobia, which might have low nitrogen fixation activity or low affinity for the host plant.

The stem length of the plants inoculated with Y629 was slightly higher than those without
inoculation in early summer. The dry weight of the shoots with inoculation of Y629 was
significantly high compared with non-inoculation treatment. It is confirmed that the hairy
vetch growth is promoted by high nitrogen fixation activity by the nodules infected with Y629
under field conditions.

There are many kinds of rhizobia which can establish symbiosis with hairy vetch in the soil of
the experimental field. The infection ratio of Y629 with the inoculation method in this experi‐
ment might be below 10 % under the field condition where indigenous hairy vetch rhizobia
exist in the soil. It is important that the effect of Y629 inoculation on hairy vetch growth is
observed in the field condition even if indigenous rhizobia compatible with hairy vetch exist
in the soil (Fig. 5).

Figure 5   Hairy vetch inoculated with or without Y629 under field condition at 
180 days after sowing (15 May 2007).

Inoculation with Y629 Non-inoculation

Figure 5   Hairy vetch inoculated with or without Y629 under field condition at 
180 days after sowing (15 May 2007).

Inoculation with Y629 Non-inoculation

Figure 5. Hairy vetch inoculated with or without Y629 under field condition at 180 days after sowing (15 May 2007).

6. Rhizobium inoculation using micro zeolite powder

It has been considered that infection ratio of inoculant rhizobium to host leguminous plant is
very low in a field condition. In general, commercial rhizobium inoculant product is peat moss-
based things, and leguminous crop seeds are usually inoculated mixing with rhizobium
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inoculant prior to sowing. In this study, the infection ratio of Y629 with the seed inoculation
might be below 10 % under the field condition where indigenous hairy vetch rhizobia exist in
the soil as described above.

On the other hand, it is necessary to inoculate rhizobium just before sowing, because the
population of the inoculated rhizobium on the seed decreased immediately due to drought
stress [16]. Thus, it is important for increase in infection ratio of inoculated rhizobium to have
high rhizobium population on the seed and to maintain high population of rhizobium until
sowing.

The micro zeolite powder of about 0.003 mm in diameter was used for the carrier material of
rhizobium inoculant instead of peat moss in the next study. The Y629 YM culture solution at
a density of about 108 cells mL-1 was mixed with the micro zeolite powder at a rate of 1:1
(volume ratio). Then, 100 mL of the rhizobium inoculant was mixed with 5 kg of a hairy vetch
seeds, and the inoculated seeds were air dried for 1 hour (Fig. 6). The inoculated seeds were

Figure 6. Photo of hairy vetch seeds and seeds inoculated with rhizobium (Y629) using the micro zeolite powder.
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sown to a field with density of 30 kg ha-1. On the other hand, the inoculated seeds were stored
at room temperature with dry condition for 3 month, and then sown to a vermiculite medium
filled with nitrogen free culture solution.

The hairy vetch plant was collected from the field at 30 days after sowing, and the rhizobium
was isolated from the nodules. The inoculation rhizobium (Y629) was identified by a genotype.
The infection ratio of Y629 was about 30 % under the field condition, whereas that with peat
moss-based inoculation might be below 10 % under same condition. The rhizobium population
on the seeds with the micro zeolite powder inoculant was as high as with peat moss-based
inoculant just after the inoculation. The hairy vetch seed takes about ten days for germination
under field condition. In the field experiment in this study, the hairy vetch seeds were not
conducted soil cover. Therefore, the rhizobium on the seed surface was got drought stress until
germination. The rhizobium with the micro zeolite powder might alive on the seed surface in
spite of under drought stress, although the reason has not clear yet. The pH of Y629 culture
solution and the micro zeolite powder are about 3 and 10, respectively. It was supposed that
the inoculant was neutralized by mixing the rhizobium culture solution and the micro zeolite
powder, and the rhizobium was able to maintain population due to improvement of condition
to alive on the seed surface. Furthermore, the rhizobium with the micro zeolite powder
maintained population enough to form the nodules for 3 month after the inoculation under
room temperature with dry condition. The rhizobium inoculant with the micro zeolite powder
may be considered to make the rhizobium drought stress tolerant.

7. Flow inoculation of rhizobium in paddy and upland rotation system

Hairy vetch has been used for nutrient management as green manure to increase in soil fertility
and to amend soil physical properties in paddy field and upland field. The rhizobial seed
inoculation is troublesome when the cultivation area is very large and the seed amount is a
lot. Furthermore, the host plants may not formed nodules even if the seeds are inoculated with
rhizobium, when the method of the inoculation was inappropriate or the climatic conditions
are not appropriate for rhizobium survival in the soil. Thus, it is necessary to develop new and
easy method for rhizobium inoculation in paddy and upland rotation system.

In a paddy field (1.25 ha), 20 L of the Y629 YM broth culture solution at a density of about 108

cells mL-1 was applied with the irrigation water in summer (Fig. 7). The irrigation water was
supplied to the field with flow quantity of about 100 m3 per hour. The application speed of the
rhizobium solution was about 5 L per hour. After the flow inoculation, conventional farm
management was carried out until hairy vetch sowing. The hairy vetch seeds were sown without
seed inoculation to the field with density of 30 kg ha-1 at 50 days after the flow inoculation.

The hairy vetch with the flow inoculation formed nodules as well as seed inoculation. The
inoculant rhizobium (Y629) population in the soil increased drastically compared with that
without flow inoculation treatment. It is considered that the inoculant rhizobium (Y629) could
propagate in the soil of the paddy field. The infection ratio of Y629 was about 50 % even if
indigenous rhizobia compatible with hairy vetch exist in the soil. In addition, the hairy vetch
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plant growth with the flow inoculation was promoted compared with the seed inoculation
treatment. It is supposed that the rhizobium infection to the hairy vetch root with the flow
inoculation  was  faster  than that  with  seed inoculation  because  the  inoculant  rhizobium
population was very high in the soil surface. Consequently, the flow inoculation of rhizobi‐
um was considered to be effective to improve the infection ratio of inoculant rhizobium by
simple treatment.

8. Conclusion

Hairy vetch is useful for improving soil structure due to their deep root system, increasing soil
fertility and weeding for subsequent crops as described above. Hairy vetch is planted in late
summer or autumn, and grows until late autumn. The seedling can survive under the snow
in winter and then grow vigorously from spring to early summer. If there is no compatible
rhizobium strains suitable for hairy vetch in a soil, inoculation with superior rhizobium such
as Y629 bring a significant result on promoting hairy vetch growth. The seed inoculation of
rhizobium Y629 using the micro zeolite powder is able to keep rhizobium population on the
seed surface after the inoculation possibly by protecting from drought stress. The flow
inoculation of rhizobium Y629 is simple and effective method to improve the infection ratio
of inoculant rhizobium and to promote the hairy vetch growth under field condition.
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Figure 7. Photos of inoculant setting on the water intake of the paddy field (Left) and applying of rhizobium (Y629)
culture solution (Right) with the flow inoculation.
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1. Introduction

Boron is an essential nutrient for plant growth, development, and seed quality [1-4]. Previous
research indicated the involvement of B in cell wall structure [5,6]; cell membrane integrity [2,
7]; sugar metabolism [2], especially sugar alcohols [3,8]; nitrogen assimilation and fixation [9,
10]; nodules [11,12], nodullin protein (ENOD2) and malfunction of oxygen diffusion barrier
[13]; phenolic metabolism [2,14,15]; ion uptake [2,16]; and plasma membrane-bount H+ ATPase
[7,17,18].

Boron is required for nodules growth and nitrogen fixation [9,11-13], and boron deficiency can
occur under certain environmental stress factors even when boron level in soil is adequate [19],
leading to yield loss. Among the environmental stress factors that can lead to boron deficiency
in plants is drought or water stress. Drought is a major environmental stress factor limiting
crop yields worldwide [20], and maintaining boron levels within plants under drought
conditions is critical. Boron has low mobility in the phloem [21], although boron mobility in
the phloem depends on plant species [3, 22]. Under water stress conditions, plant increases
abscisic acid (ABA) production [23], possibly affecting photosynthetic rate in drought-stressed
plants, leading to stomata closure and transpiration rate reduction. Under these conditions
boron uptake and translocation, and boron movement from leaves to seed is reduced, de‐
creasing seed boron concentration [10]. Although soybean nodule growth and symbiotic N2

fixation are sensitive to drought [20,24,25], we hypothesized that drought can result in boron
deficiency within the plant, impacting nodule growth, N2 fixation, and CO2 accumulation. The

© 2014 Bellaloui et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



objective of this research was to investigate the effects of foliar boron on nodules growth and
nitrogen fixation rates in several soybean genotypes under water stress. To avoid the con‐
founding effects of multi-environmental factors in the field on boron application effects, the
experiment was conducted under greenhouse conditions. In addition to the current research
findings, the present chapter will also highlight previous and current major research findings
in boron nutrition and the role of B in nodule growth and symbiotic nitrogen fixation in
soybean.

2. Materials and methods

A repeated greenhouse experiment was conducted. Cultivars of maturity group (MG) III Pella,
Williams 82, Hutcheson, and Forest, were used. Seeds of soybean cultivar were germinated in
flat trays in vermiculite, and then uniform size seedlings at V1 stage were transplanted into
9.45 L size pots. Soil in pots was a Dundee silt loam (fine-silty, mixed, active, thermic Typic
Endoqualfs) with pH 6.3, 1.1% organic matter, a cation exchange capacity of 15 cmol/kg, and
soil textural fractions of 26% sand, 56% silt, and 18% clay, average B concentration was 0.72
mg kg-1. The soil contained an abundant native population of B. japonicum. Water stress was
introduced as reported by Bellaloui [20,26]. Briefly, soil in pots were weighed and then
saturated with deionized water and left to drain and weighed again to obtain the water field
capacity using soil water sensors inserted in pots and measured by Soil Moisture Meter
(WaterMark Company, Inc., Wisconsin, USA). Plants were divided into well watered (soil
water potential between –15 to –20 kPa) (this was considered field capacity for the control
plants), moderate water stress (soil water potential between -90 and -100 kPa), and severely
water stressed (soil water potential between –150 to –200 kPa). Boron was foliar-applied as
boric acid at a rate of 1.1 kg ha-1 once at flowering stage (R1-R2) and once at seed-fill stage (R5-
R6). Combined treatments were well watered plants with no B (W-B), well watered plants with
B (W+B); water stressed plants with no B (WS-B); water stressed plants with B (WS+B); severely
water stressed plants with no B (SWS-B); severely water stressed plants with B (SWS+B).
Samples were taken five days after the second B application for nitrate reductase assay to
measure the rate nitrate reductase activity (NRA), nitrogenase, and leaf B. Mature seed were
weighed at R8 (harvest maturity stage). Plants were considered fully matured when they
reached R8 according to [27]. Greenhouse conditions were about 34°C ± 9°C during the day
and about 28°C ± 8°C at night with a photosynthetic photon flux density (PPFD) of about 800
- 2300 µmol m-2 s-1, as measured by Quantum Meter (Spectrum Technology, Inc., Illinois, USA).
The big range of light intensity reflects a bright, sunny, or cloudy day. The source of lighting
was a mixture of natural light, bulb light (60 W), cool white (250 W). To avoid differences in
the day-length between the two experiments, the two experiments were conducted simulta‐
neously at the same time and during the normal growing season (from April to September)
for the Early Soybean Production System in the midsouth USA, and this is to be consistent
with the normal photoperiod for soybean growth [10].
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2.1. Nitrate reductase assay

The rate of nitrate reductase activity (NRA) was determined according to [28, 29]. Briefly, NRA
was measured in the fully expanded leaves and nodules. Nodules were gently and carefully
separated from roots and placed in NRA assay buffer solution. A fresh leaf sample of about
0.3 g was placed in 10 mL of potassium phosphate buffer at a concentration of 100 mM, pH
7.5, containing 1% (v/v) 1-propanol, in the flask. The incubation solution was vacuum-filtered
for 1 min, and then flashed with nitrogen gas for 30 s, and then incubated at 30°C. A samples
of 0.5 mL was taken at regular intervals (0, 60, 120, 180, and 300 min) for nitrite measurement.
Samples were extracted with 5 mL of deionized water and reacted with 1.0 mL of 1% (w/v)
sulfanilamide in 10% v/v HCl and 1.0 mL of N-naphthyl-(1)-ethylenediamine dihydro-
chloride (0.1%). Nitrite concentration in samples was measured by reading the absorbance at
540 nm after 30 minutes using a Beckman Coulter DU 800 spectro- photometer (Fullerton, CA).
A standard curve was produced using KNO2 as a source of NO2 in the tested samples according
to (Bellaloui et al., 2006). To measure the enzyme activity where there was no limiting
concentration of NO3 in the incubation culture solution (potential nitrate reductae activity,
PNRA), exogenous NO3 was added at a concentration of 10 mM as KNO3.

2.2. Acetylene reduction assay

Destructive method for acetylene reduction assay was used. Three plants from each replicate
were harvested five days after the second B application (at seed-fill stage). Nitrogenase activity
was assayed using the acetylene reduction assay as described elsewhere [29-31]. Roots with
nodules intact were excised and incubated in 60 mL plastic syringes. Roots from each replicate
and from each treatment were placed in the syringes in the Mason jars and sealed. A 10%
volume of air was then removed and replaced with an equal volume of acetylene. After 1 h of
incubation at room temperature, duplicate 1.0 mL gas samples were removed and analyzed
by gas chromatography for ethylene formation and carbon dioxide evolution. The gas
chromatography (Agilent HP6960, Agilent Technologies, Wilmington, DE) was equipped with
manual injector, injector loop, and sample splitter. A flame ionization detector (FID) and a
thermal conductivity detector (TCD) were used. Using the sample loop and splitter, 0.25 mL
of gas was directed into a 30 m length × 0.53 mm i.d. alumina megabore column (115-3532)
connected to the FID, and 0.25 mL of sample was injected into a HP-PLOT D column (30 m
length × 0.53 mm i.d. megabore with 40 µm film; 1905D-Q04) connected to the TCD using
helium as a carrier gas. Chromatographs were integrated using Chem Station software.
Standard curves for ethylene and carbon dioxide were updated and produced for each day.
Samples having <9% acetylene were not used in the analysis.. Nodules were carefully removed
and counted, and then oven-dried at 60°C for 4 - 5 days.

2.3. Boron determination

The concentration of total B was measured in the fully expanded leaves after the second foliar
B application, and in seeds at harvest maturity stage. Boron concentration was determined
according to Azomethine—H method [19,32-34]. Briefly, 1 g of dry sample was placed in a
porcelain crucible for ashing at 500°C for 8 hr. Samples then were extracted with 20 mL of 2
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M HCl at 90°C for 10 min and azomethine-H solution containing 0.45% before the analysis
(John et al., 1975) with a buffer solution contained 25% ammonium acetate, 1.5% EDTA, and
12.5% acetic acid. The concentration of B in the samples were determined spectrophotometri‐
cally by using color development after 45 minutes. Samples were read at 420 nm using a
Beckman Coulter DU 800 spectrophotometer (Fullerton, California). Boron analysis in soil was
conducted using Inductively Coupled Plasma spectrometry (ICP) using Thermo Elemental,
Thermo Jarrell-Ash model 61E ICP, USA [10].

2.4. Analysis of δ15N (15N/14N ratio) and δ13C (13C/12C ratio) using natural abundance

Natural abundance of δ 15N and 13C isotopes was determined using about 0.9 mg of ground
seeds. Isotopic analysis was conducted using a Thermo FinniGlyn Delta Plus Advantage Mass
Spectrometer with a FinniGlyn ConFlo III, and Isomass Elemetal Analyzer (Bremen, Germany)
according to [26, 35,36]. Isodat software version 2.38 was used to obtain Delta values [26]. The
elemental combustion system was Costech ECS 4010 with an autosampler (Bremen, Germany).

2.5. Determination of seed sucrose

Seed sucrose concentration was measured in mature seeds. Sucrose concentration was
measured according to [37,38] using an AD 7200 diode array feed analyzer (Perten, Springfield,
IL). Briefly, about 25 g of seed were ground using a Laboratory Mill 3600 (Perten, Springfield,
IL). Initial calibration equations were developed by the Department of Agronomy and Plant
Genetics, University of Minnesota St Paul, MN using Thermo Galactic Grams PLS IQ software,
developed by Perten company (Perten, Springfield, IL). Analyses of sugars were performed
based on a seed dry matter basis [26, 37, 39].

2.6. Seed glucose determination

Glucose concentration in mature seeds was measured enzymatically using Glucose (HK)
Assay Kit from Sigma, USA, Product Code GAHK-20, 2012) [40]. In this reaction, glucose is
phosphorylated by adenosine triphosphate (ATP) in a reaction catalyzed by hexokinase.
Glucose-6-phosphate (G6P) produced is then oxidized to form 6-phosphogluconate in the
presence of oxidized nicotinamide adenine dinucleotide (NAD) in a reaction catalyzed by
glucose-6-phosphate dehydrogenase (G6PDH). During this oxidation, an equimolar amount
of NAD is reduced to NADH, and the increase in absorbance at 340 nm is directly proportional
to glucose concentration in the sample. Mature seed samples were ground using a Laboratory
Mill 3600 (Perten, Springfield, IL). A dry, ground sample of 0.1 mg was extracted with
deionized water. The extraction procedure of glucose from seeds was conducted according to
[26], and as instructed by Glucose (HK) Assay Kit from Sigma. The concentration of glucose
was measured spectrophotometrically by reading the samples at 340nm using a Beckman
Coulter DU 800 spectrophotometer (Fullerton, CA). The concentration of glucose was ex‐
pressed as mg g dwt-1.
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2.7. Seed fructose determination

Fructose concentration is mature seeds was determined enzymatically according to Fructose
Assay Kit from Sigma, USA, Product Code FA-20, 2012 [41]. In this reaction, fructose is
phosphorylated by ATP in a reaction catalyzed by hexokinase, and the produced fructose 6-
phosphate is then converted to G6P by phosphoglucose isomerase (PGI). The oxidation of G6P
to 6-phosphogluconate takes place in the presence of NAD in the reaction catalyzed by
glucose-6-phosphate dehydrogenase (G6PDH). An equimolar amount of NAD is reduced to
NADH, and the consequent increase in absorbance at 340 nm is directly proportional to
fructose concentration in a sample. A sample of 0.1 mg was extracted according to Fructose
Assay Kit from Sigma, and is detailed in Bellaloui et al (2013) as instructed by Fructose Assay
Kit from Sigma. The concentration of fructose in samples were measured spectrophotometri‐
cally by reading the samples at absorbance of 340nm using a Beckman Coulter DU 800
spectrophotometer (Fullerton, CA). The concentration of fructose was expressed as mg g dwt-1.

2.8. Experimental design and statistical analysis

Treatments were arranged in a split plot design with irrigation as a main block and B treatment
as sub-plot. Four replicates were used, and each replicate consisted of a pot containing three
plants. Proc Mixed was used for data analysis of variance in SAS [42]. Means were separated
by Fisher’s least significant difference test at the 5% level of probability using Proc GLM
analysis in SAS [42]. Since there were no interactions between the two experiments, the data
were pooled and combined.

3. Results and discussion

Analysis of variance showed that boron application (T) and irrigation (IR) were significant for
grain weight, nodule mass, nitrogen fixation (NF), nitrate reductase activity (NRA), N, B, and
natural abundance of δ15N and δ13C (Table 1), and sugars (Table 2). Cultivar (CV) was signif‐
icant for some parameters and not significant for others, indicating differences in cultivar
responses to the B application and water stress. Both B application and IR significantly
interacted (T×IR and E×T×IR interactions) for these parameters, indicating that B effects on
these parameters depended on IR (watered or water stressed conditions). There were no
significant interactions between Experiment (E) and T or IR, indicating that the effect of B
application or IR had similar effect in each experiment (Table 1). Therefore, the data were
pooled and combined [26].

3.1. Effect of B and water stress on grain weight, nodule mass and nodule number

Foliar B application to watered plants (W+B) resulted in significant increase (P≤0.05) in grain
weight, nodule mass, and nodule number (Table 3). For example, in Pella cultivar the increase
of grain weight, nodule mass, and nodule number was 18.7%, 38.5%, and 33.3 %, respectively.
These parameters were different between cultivars and each cultivar responded differently to
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foliar B (Table 3). Previous research indicated that B plays a major role for plant growth and
development [1, 2] and crop quality [4,19]. It was shown that foliar B improved seed set, seed
yield, and seed quality of alfalfa [19] and sugar beet [4], and altered seed composition in
soybean [10]. Previous research showed that B is an essential nutrient for the development of
nitrogen-fixing root nodules in pea (Pisum sativum) [9]. A lower level of infection of the host
plants with Rhizobium was noticed in plants grown in B-deficient medium compared to plants
supplied with adequate B [9]. It was shown that that little or no ability to fix N2 under B-
deficient plants [11]. Recently, it was found that FB increased nodule weight under irrigated
greenhouse conditions [43]. The current results showed that, even though B concentration in
leaves was above the critical level (20 mg B kg-1, critical level of B in leaves for normal plant
growth) [44], FB resulted in a positive effect on seed and nodule weights, agreeing with
previous research of those of [7, 43, 45]. Our results showed that foliar B increased grain weight,
nodule mass and number due to the stimulatory effects of B on growth and development [9,11]
and nodule improvement.

3.2. Effect of B and water stress on nitrogen fixation and nitrogen assimilation

Foliar application of B resulted in higher rates of nitrogen fixation (increase of nitrogenase),
root respiration, and nitrogen assimilation (increase of nitrate reductase activity, NRA), (Table
4). Foliar B application to moderately water stressed plants (Table 4) increased grain weight,
nodule number and mass, nitrogen fixation and assimilation. However, foliar B application to
severely water stress plants did not result in an increase in these parameters because of the
damaging effects of water stress to nitrogen metabolism enzymes, especially nitorgenase and
nitrate reductase (Table 5). Researchers reported that B is an essential micronutrient for the
development of nitrogen-fixing root nodules [11], and plants grown in B-deficient medium
showed lower infection of the host plants with Rhizobium compared to plants supplied with
adequate B [11]. It was reported that nodules showed little or no ability to fix N2 in B-deficient
plants, leading to N deficiency and necrosis of nodulated pea plants [9]. This indicated that
nitrogen fixation in soybean was sensitive to B deficiency [9,12], and B deficiency can result in
the reduction in early nodullin protein (ENOD2) in nodule parenchyma cells and malfunction
of oxygen diffusion barrier [13]. It was hypothesized that B protects nitrogenase against oxygen
damage by influencing membrane integrity and function [13] and may interact with membrane
glycoproteins and glycolipids to maintain the proper conformation in nitrogen-fixing cells [5].
Although B has been shown to be essential for nodule growth and development, there is no
convincing evidence that there is a direct effect of B on nitrogen metabolism [2,13,46,]. Nitrate
assimilation, reflected by the key enzyme in nitrogen assimilation, was higher in W+B plants,
indicating that B enhanced nitrate assimilation. The stimulatory effects of nitrogen assimilation
by B was also reported by others (Bellaloui et al., 2011 AJPS. This is because nitrogen metab‐
olism in legumes is both a result of both symbiotic N2 fixation and mineral N assimilation
processes. During this process, atmospheric N2 is fixed by the enzyme nitrogenase in the
bacteroids of nodules [47], and nitrate reduction (assimilation) is catalyzed by the enzyme
nitrate reductase (NR). Both NR and nitrogenase enzymes coexist in nodules competing for
reductant [48]. It appears that B may stimulate de novo synthesis and making nitrate (enzyme
substrate) available for the enzyme nitrate reductase. Adding 0.5 mM B to the buffer solution

Advances in Biology and Ecology of Nitrogen Fixation242



foliar B (Table 3). Previous research indicated that B plays a major role for plant growth and
development [1, 2] and crop quality [4,19]. It was shown that foliar B improved seed set, seed
yield, and seed quality of alfalfa [19] and sugar beet [4], and altered seed composition in
soybean [10]. Previous research showed that B is an essential nutrient for the development of
nitrogen-fixing root nodules in pea (Pisum sativum) [9]. A lower level of infection of the host
plants with Rhizobium was noticed in plants grown in B-deficient medium compared to plants
supplied with adequate B [9]. It was shown that that little or no ability to fix N2 under B-
deficient plants [11]. Recently, it was found that FB increased nodule weight under irrigated
greenhouse conditions [43]. The current results showed that, even though B concentration in
leaves was above the critical level (20 mg B kg-1, critical level of B in leaves for normal plant
growth) [44], FB resulted in a positive effect on seed and nodule weights, agreeing with
previous research of those of [7, 43, 45]. Our results showed that foliar B increased grain weight,
nodule mass and number due to the stimulatory effects of B on growth and development [9,11]
and nodule improvement.

3.2. Effect of B and water stress on nitrogen fixation and nitrogen assimilation

Foliar application of B resulted in higher rates of nitrogen fixation (increase of nitrogenase),
root respiration, and nitrogen assimilation (increase of nitrate reductase activity, NRA), (Table
4). Foliar B application to moderately water stressed plants (Table 4) increased grain weight,
nodule number and mass, nitrogen fixation and assimilation. However, foliar B application to
severely water stress plants did not result in an increase in these parameters because of the
damaging effects of water stress to nitrogen metabolism enzymes, especially nitorgenase and
nitrate reductase (Table 5). Researchers reported that B is an essential micronutrient for the
development of nitrogen-fixing root nodules [11], and plants grown in B-deficient medium
showed lower infection of the host plants with Rhizobium compared to plants supplied with
adequate B [11]. It was reported that nodules showed little or no ability to fix N2 in B-deficient
plants, leading to N deficiency and necrosis of nodulated pea plants [9]. This indicated that
nitrogen fixation in soybean was sensitive to B deficiency [9,12], and B deficiency can result in
the reduction in early nodullin protein (ENOD2) in nodule parenchyma cells and malfunction
of oxygen diffusion barrier [13]. It was hypothesized that B protects nitrogenase against oxygen
damage by influencing membrane integrity and function [13] and may interact with membrane
glycoproteins and glycolipids to maintain the proper conformation in nitrogen-fixing cells [5].
Although B has been shown to be essential for nodule growth and development, there is no
convincing evidence that there is a direct effect of B on nitrogen metabolism [2,13,46,]. Nitrate
assimilation, reflected by the key enzyme in nitrogen assimilation, was higher in W+B plants,
indicating that B enhanced nitrate assimilation. The stimulatory effects of nitrogen assimilation
by B was also reported by others (Bellaloui et al., 2011 AJPS. This is because nitrogen metab‐
olism in legumes is both a result of both symbiotic N2 fixation and mineral N assimilation
processes. During this process, atmospheric N2 is fixed by the enzyme nitrogenase in the
bacteroids of nodules [47], and nitrate reduction (assimilation) is catalyzed by the enzyme
nitrate reductase (NR). Both NR and nitrogenase enzymes coexist in nodules competing for
reductant [48]. It appears that B may stimulate de novo synthesis and making nitrate (enzyme
substrate) available for the enzyme nitrate reductase. Adding 0.5 mM B to the buffer solution
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increased NRA by 30% in WS+B compared with WS-B, and adding 10 mM NO3 to the buffer
solution increased NRA by 55% and 40% in leaves and nodules, respectively (data not shown).
In SWS plants, adding B or NO3 did not enhance NRA (data not shown). This indicated that
both B and NO3 stimulated NR enzyme somehow, maybe by facilitating nitrate availability in
the cytoplasm to NR for reduction or enhancing nitrate translocation from the vacuoles to the
cytoplasm, leading to higher NRA activity. This hypothesis was supported by the effect of B
ion uptake [2,16] and the direct or indirect effects of B on the plasma membrane bound H+
ATPase (plasmalemma H+-ATPase activity) [7,17], cell wall structure and membrane integrity
[2,7]. Our results are supported by [2] in that B may have an indirect influence on nitrate uptake
and assimilation, and enhance NRA by inducing nitrate availability and increasing protein de
novo synthesis as a result of nitrate absorption [49]. This observation is supported by [13] who
found that adequate level of B increased NRA and decreased nitrate in xylem sap compared
to deficiency level. The relationship between nitrogen fixation and nitrogen assimilation and
how this relationship is influenced by foliar B and its impact on seed protein and oil and sugars
is still not well established.

Source of

variability

Seed

weight

Nodule

mass

Nodule

number

ARA

(NF)

Leaf

NRA

NoduleNRAB in

leaves

N in

leaves

δ15N δ 13C

Experiment (E) NS NS NS NS NS NS NS NS NS NS

Treatment (T) ** ** *** ** *** ** *** * * **

Water stress

(WS)

*** ** *** *** *** * *** * * **

Cultivar (CV) * * * NS NS NS NS NS NS NS

E×T NS NS NS NS NS NS NS NS NS NS

E×WS NS NS NS NS NS NS NS NS NS NS

E×CV NS NS NS NS NS NS NS NS NS NS

T×WS ** * * ** * * ** * * *

T×CV * * * * * * * ** * *

CV×WS ** ** ** * ** * * * * *

E×T×WS×CV ** ** * ** ** ** * * * **

* Significance at P ≤ 0.05; ** Significance at P ≤ 0.01; *** Significance at P ≤ 0.001.

Table 1. Analysis of variance of the effects of foliar boron on seed weight (100 seed weight, g), nodule mass (mg
plant-1), nodule number plant-1, [nitrogen fixation (acetylene reduction assay (ARA), μmol of C2H4 plant-1 h-1)], leaf
nitrate reductase activity (NRA, µmol NO2 g-1h-1), and nodule NRA (µmol NO2 g-1h-1), boron (B, mg kg-1)) and nitrogen
(N, %) in leaves and seeds, and in δ15N and in δ 13C isotope values in seeds in genotypes of maturity group III (Pella and
William 82) and MG V (Hutcheson and Forest) under well watered and water stressed conditions (WS) with and
without foliar boron (B) treatments (T) under greenhouse conditions a.
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Source of variability Glucose Fructose Sucrose Raffinose Stachyose

Experiment (E) NS NS NS NS NS

Treatment (T) ** * * * ***

Irrigation (IR) ** * * ** ***

Cultivar (CV) * * * NS NS

E×T NS NS NS NS NS

E×IR NS NS NS NS NS

E×CV NS NS NS NS NS

T×IR * * * ** *

T×CV ** * * * *

CV×IR * ** * * *

E×T×IR×CV * * * ** *

* Significance at P ≤ 0.05; ** Significance at P ≤ 0.01; *** Significance at P ≤ 0.001.

Table 2. Analysis of variance of the effects of foliar boron on sugars (mg g-1 dwt) in genotypes of maturity group III
(Pella and William 82) and MG V (Hutcheson and Forest) under well watered and water stressed conditions (IR) with
and without foliar boron (B) treatments (T) under greenhouse conditions a.

Watered soybean

Variety Boron Grain

weight

(100 seed

weight, g)

Nodule

mass

(mg dwt

plant-1)

Nodule

number

plant-1

ARA

(NF)

(μmol of

C2H4

plant-1 h-1)

Root respiration

(mmol of CO2

evolved/g of

root/h)

Leaf NRA

(µmol NO2

g-1 h-1)

Nodule

NRA

(µmol NO2

g-1h-1)

Pella W-B 16 a 65 a 33 a 11.6 a 7.5 a 5.6 ab 4.7 ab

W 82 15 a 68 a 28 b 10.5 a 7.8 a 4.9 b 5.2 a

Hutches

on
14 b 61 b 25 b 10.1 a 6.8 b 5.7 ab 3.8 b

Forrest 14 b 64 a 17 c 11.4 a 6.4 b 6.3 a 4.2 ab

Pella 19 a 90 a 44 a 15.4 a 9.7 b 7.5 ab 6.4 a

W 82 W+B 18 a 86 ab 38 abc 14.7 ab 10.5 ab 6.8 b 7.8 a

Hutches

on
16 b 84 b 36 c 13.2 b 10.6 ab 7.4 ab 5.2 b

Forrest 17 b 86 ab 38 abc 13.6 b 11.5 a 8.3 a 5.8 b

a Soybean plants were grown at field capacity at -15 to -20 kPa [10]. Soybeans were grown under greenhouse condi‐
tions similar to those in Bellaloui et al. (2011). Values within columns and within each B treatment sharing a letter are
not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 3. Effect of foliar boron on soybean seed weight (100 seed weight, g), nodule mass (mg plant-1), nodule number
plant-1, ARA (μmol of C2H4 plant-1 h-1), root respiration (mmol of CO2 evolved/g of root/h), leaf NRA (µmol NO2 g-1h-1),
and nodule NRA (µmol NO2 g-1h-1) in genotypes of maturity group III (Pella and William 82) and MG V (Hutcheson and
Forest) under well watered conditions without boron (W-B) and with boron (W+B) under greenhouse conditions a.
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Source of variability Glucose Fructose Sucrose Raffinose Stachyose

Experiment (E) NS NS NS NS NS

Treatment (T) ** * * * ***

Irrigation (IR) ** * * ** ***

Cultivar (CV) * * * NS NS

E×T NS NS NS NS NS

E×IR NS NS NS NS NS

E×CV NS NS NS NS NS

T×IR * * * ** *

T×CV ** * * * *

CV×IR * ** * * *

E×T×IR×CV * * * ** *

* Significance at P ≤ 0.05; ** Significance at P ≤ 0.01; *** Significance at P ≤ 0.001.

Table 2. Analysis of variance of the effects of foliar boron on sugars (mg g-1 dwt) in genotypes of maturity group III
(Pella and William 82) and MG V (Hutcheson and Forest) under well watered and water stressed conditions (IR) with
and without foliar boron (B) treatments (T) under greenhouse conditions a.

Watered soybean

Variety Boron Grain

weight

(100 seed

weight, g)

Nodule

mass

(mg dwt

plant-1)

Nodule

number

plant-1

ARA

(NF)

(μmol of

C2H4

plant-1 h-1)

Root respiration

(mmol of CO2

evolved/g of

root/h)

Leaf NRA

(µmol NO2

g-1 h-1)

Nodule

NRA

(µmol NO2

g-1h-1)

Pella W-B 16 a 65 a 33 a 11.6 a 7.5 a 5.6 ab 4.7 ab

W 82 15 a 68 a 28 b 10.5 a 7.8 a 4.9 b 5.2 a

Hutches

on
14 b 61 b 25 b 10.1 a 6.8 b 5.7 ab 3.8 b

Forrest 14 b 64 a 17 c 11.4 a 6.4 b 6.3 a 4.2 ab

Pella 19 a 90 a 44 a 15.4 a 9.7 b 7.5 ab 6.4 a

W 82 W+B 18 a 86 ab 38 abc 14.7 ab 10.5 ab 6.8 b 7.8 a

Hutches

on
16 b 84 b 36 c 13.2 b 10.6 ab 7.4 ab 5.2 b

Forrest 17 b 86 ab 38 abc 13.6 b 11.5 a 8.3 a 5.8 b

a Soybean plants were grown at field capacity at -15 to -20 kPa [10]. Soybeans were grown under greenhouse condi‐
tions similar to those in Bellaloui et al. (2011). Values within columns and within each B treatment sharing a letter are
not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 3. Effect of foliar boron on soybean seed weight (100 seed weight, g), nodule mass (mg plant-1), nodule number
plant-1, ARA (μmol of C2H4 plant-1 h-1), root respiration (mmol of CO2 evolved/g of root/h), leaf NRA (µmol NO2 g-1h-1),
and nodule NRA (µmol NO2 g-1h-1) in genotypes of maturity group III (Pella and William 82) and MG V (Hutcheson and
Forest) under well watered conditions without boron (W-B) and with boron (W+B) under greenhouse conditions a.
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Watered stressed soybean

Variety Boron Grain

weight

(100 seed

weight, g)

Nodule

mass (mg

dwt

plant-1)

Nodule

number

plant-1

ARA

(NF)

Root

respiration

Leaf NRA

(µmol NO2

g-1h-1)

Nodule

NRA

(µmol NO2

g-1h-1)

Pella WS-B 9.4 a 45.3 b 22.4 a 7.6 a 4.3 b 3.6 a 2.4 b

W 82 10.3 a 51.6 a 24.1 a 8.7 a 4.9 b 2.7 b 3.6 a

Hutcheson 9.7 a 42.7 b 21.5 a 6.5 b 5.4 b 3.3 a 2.7 b

Forrest 10.1 a 46.3 b 14.5 b 5.7 c 6.3 a 4.7 a 2.5 b

Pella 11.1 a 56.7 b 28.6 a 10.5 a 5.4 c 5.4 b 4.7 ab

W 82 WS+B 12.5 a 66.4 a 31.4 a 9.7 a 7.6 b 7.5 a 5.3 a

Hutcheson 12.6 a 57.3 b 30.7 a 10.4a 8.7 a 5.8 b 4.7 ab

Forrest 11.5 a 63.2 a 19.6 b 7.4 b 9.8 a 6.3 a 3.9 b

a Soybean plants were grown under water stress (WS) (-90 to -100 kPa soil water potential). Soybeans were grown
under greenhouse conditions similar to those previously reported [10]. Values within columns and within each B treat‐
ment sharing a letter are not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 4. Effect of foliar boron on soybean seed weight (g), nodule mass (mg plant-1), nodule number plant-1, ARA
((μmol of C2H4 plant-1 h-1), root respiration (mmol of CO2 evolved/g of root/h), leaf NRA (µmol NO2 g-1h-1), and nodule
NRA (µmol NO2 g-1h-1) in genotypes of maturity group III (Pella and William 82) and MG V (Hutcheson and Forest)
under water stress conditions without boron (WS-B) and with boron (WS+B) under greenhouse conditions a.

Severe watered stressed soybean

Variety Boron Grain

weight

(100 seed

weight, g)

Nodule

mass

(mg dwt

plant-1)

Nodule

number

plant-1

ARA

(NF)

Root

respiration

Leaf NRA

(µmol NO2

g-1h-1)

Nodule

NRA

(µmol NO2

g-1h-1)

Pella SWS-B 4.4 a 21.5 b 20.7 a 4.6 a 2.1 c 2.1 a 0.7 a

W 82 5.5 a 28.5 a 21.6 a 5.3 a 3.3 b 1.5 b 0.9 a

Hutcheson 5.3 a 27.5 a 19.6 a 4.7 a 3.6 b 2.4 a 0.8 a

Forrest 4.7 b 22.6 b 21.5 a 3.2 b 4.7 a 1.7 b 0.8 a

Pella 4.3 c 25.4 a 22.6 b 5.1 a 2.6 b 2.4 a 0.8 a

W 82 SWS+B 6.0 a 30.6 a 26.5 a 4.8 a 2.4 b 0.9 b 0.6 a

Hutcheson 5.5 b 26.5 a 29.7 a 3.4 b 3.8 a 2.1 a 0.8 a

Forrest 4.1 c 21.6 b 19.6 b 3.2 b 4.9 a 1.2 b 0.7 a

a Soybean plants were grown under severe water stress (soil water potential between –150 to –200 kPa). Soybeans
were grown under greenhouse conditions similar to those previously reported [10]. Values within columns and within
each B treatment sharing a letter are not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 5. Effect of foliar boron on soybean seed weight (g), nodule mass (mg plant-1), nodule number plant-1, nitrogen
fixation ( ARA, μmol of C2H4 plant-1 h-1), root respiration (mmol of CO2 evolved/g of root/h), leaf NRA (µmol NO2 g-1h-1),
and nodule NRA (µmol NO2 g-1h-1) in genotypes of maturity group III (Pella and William 82) and MG V (Hutcheson and
Forest) under severe water stress conditions without boron (SWS-B) and with boron (SWS+B) under greenhouse
conditions a.
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Foliar boron application increased B in leaves and seed in watered plants (Figure 1). No
significant B concentration differences were observed between leaves and seeds B in each
watered treatment in each cultivar, indicating that B movement from leaves to seeds was not
limited. In severely water-stressed plants, application of foliar B did not significantly increase
B in leaves, and B movement from leaves to seed was limited, indicated by the large accumu‐
lation of B in leaves and small accumulation of B in seeds. Similar trend of N in leaves and
seed was noticed (Figure 2), indicating a close relationship between B and N.

3.3. Effects of B and water stress on seed sugars

Since B plays an important role in carbohydrate mobility and since carbohydrates are a source
of reducing power in nitrogen assimilation, sugar profiling was also investigated. Our research
demonstrated that foliar B application resulted in higher sucrose, glucose, and fructose under
irrigated conditions, but under severe water stress these mono and disaccharides sugars
decreased, but stachyose and raffinose increased (Table 6,7,8).

This indicated that there was a redistribution of sugars under severe water stress, and this shift
may provide plants with an adaptive mechanism to tolerate the stress.

Foliar boron resulted in higher seed sucrose, glucose, and fructose concentrations in W+B
plants, indicating B involvement in sugar metabolism and synthesis. The involvement of B in
sugar synthesis and distribution is not understood, but B involvement in sugar movement and
metabolism was previously reported [2,3,50]. The decrease of sucrose, glucose, and fructose
in SWS-B and SWS+B plants compared with W+B and W-B indicated that B enhanced accu‐
mulation of sucrose, glucose, and fructose concentrations may be due to B role in sugar
movement within the plants, and that severe water stress limited sugars movement due
reduction of B uptake and stomatal conductance. The increase of seed stachyose concentration
in seeds of SWS-B and SWS+B plants indicated that severe water stress affects the distribution
of sugar fractions, in our case the increase of stachyose and raffinose and decrease of sucrose,
glucose, and fructose concentrations. The increase of stachyose under water stress may indicate
the role of stachyose in plant tolerance to biotic and abiotic stress [14,15]. It was also reported
that raffinose and galactinol levels may play an important role in plant tolerance to biotic and
abiotic stress [14,15], and the accumulation of galactinol and raffinose may protect the plant
from drought [51], and the activity of sucrose synthase, the main enzyme involved in sucrose
hydrolysis in nodules, was significantly inhibited under drought conditions [52,53]. The
biological functions of raffinose and stachyose are not clear [54], but previous research reported
that oligosaccharides (sucrose, raffinose, and stachyose) are related to seed quality [55] and
the acquisition of desiccation tolerance during seed development and maturation.

Soybean seed sugars are important to soybean seed industry because they determine the
quality of seeds beside protein and oil. This is because soybean seed with high raffinose and
stachyose concentrations are undesirable and have negative effects on the nutritive value of
soymeal and seed consumed by human. Stachyose and raffinose are indigestible by humans
and animals, especially monogastric animal such as chicken and pigs, causing flatulence or
diarrhea [56]. On the other hand, low raffinose and stachyose levels in soybean seed are
desirable [57]. High level of seed sucrose, glucose, and fructose are desirable because it
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Foliar boron application increased B in leaves and seed in watered plants (Figure 1). No
significant B concentration differences were observed between leaves and seeds B in each
watered treatment in each cultivar, indicating that B movement from leaves to seeds was not
limited. In severely water-stressed plants, application of foliar B did not significantly increase
B in leaves, and B movement from leaves to seed was limited, indicated by the large accumu‐
lation of B in leaves and small accumulation of B in seeds. Similar trend of N in leaves and
seed was noticed (Figure 2), indicating a close relationship between B and N.

3.3. Effects of B and water stress on seed sugars

Since B plays an important role in carbohydrate mobility and since carbohydrates are a source
of reducing power in nitrogen assimilation, sugar profiling was also investigated. Our research
demonstrated that foliar B application resulted in higher sucrose, glucose, and fructose under
irrigated conditions, but under severe water stress these mono and disaccharides sugars
decreased, but stachyose and raffinose increased (Table 6,7,8).

This indicated that there was a redistribution of sugars under severe water stress, and this shift
may provide plants with an adaptive mechanism to tolerate the stress.

Foliar boron resulted in higher seed sucrose, glucose, and fructose concentrations in W+B
plants, indicating B involvement in sugar metabolism and synthesis. The involvement of B in
sugar synthesis and distribution is not understood, but B involvement in sugar movement and
metabolism was previously reported [2,3,50]. The decrease of sucrose, glucose, and fructose
in SWS-B and SWS+B plants compared with W+B and W-B indicated that B enhanced accu‐
mulation of sucrose, glucose, and fructose concentrations may be due to B role in sugar
movement within the plants, and that severe water stress limited sugars movement due
reduction of B uptake and stomatal conductance. The increase of seed stachyose concentration
in seeds of SWS-B and SWS+B plants indicated that severe water stress affects the distribution
of sugar fractions, in our case the increase of stachyose and raffinose and decrease of sucrose,
glucose, and fructose concentrations. The increase of stachyose under water stress may indicate
the role of stachyose in plant tolerance to biotic and abiotic stress [14,15]. It was also reported
that raffinose and galactinol levels may play an important role in plant tolerance to biotic and
abiotic stress [14,15], and the accumulation of galactinol and raffinose may protect the plant
from drought [51], and the activity of sucrose synthase, the main enzyme involved in sucrose
hydrolysis in nodules, was significantly inhibited under drought conditions [52,53]. The
biological functions of raffinose and stachyose are not clear [54], but previous research reported
that oligosaccharides (sucrose, raffinose, and stachyose) are related to seed quality [55] and
the acquisition of desiccation tolerance during seed development and maturation.

Soybean seed sugars are important to soybean seed industry because they determine the
quality of seeds beside protein and oil. This is because soybean seed with high raffinose and
stachyose concentrations are undesirable and have negative effects on the nutritive value of
soymeal and seed consumed by human. Stachyose and raffinose are indigestible by humans
and animals, especially monogastric animal such as chicken and pigs, causing flatulence or
diarrhea [56]. On the other hand, low raffinose and stachyose levels in soybean seed are
desirable [57]. High level of seed sucrose, glucose, and fructose are desirable because it
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improves taste and flavor of tofu, soymilk, and natto [58]. Currently, soybean cultivars with

improved sugar profiles have been released to the market [58], and breeding for desirable

sugars in soybean or agricultural practices to improve seed sugars are needed.

Watered soybean

Variety Boron Glucose

(mg g-1)

Fructose

(mg g-1)

Sucrose

(mg g-1)

Raffinose

(mg g-1)

Stachyose

(mg g-1)

Pella W-B 1.5 b 0.73 a 35.4 b 5.4 a 32.6 b

W 82 2.1 a 0.65 b 42.4 a 4.8 b 43.6 a

Hutcheson 1.5 b 0.64 b 32.7 b 5.3 ab 42.8 a

Forrest 2.2 a 0.61 b 30.8 b 5.7 a 41.6 a

Pella 2.3 b 0.93 b 57.4 b 5.4 ab 35.4 b

W 82 W+B 2.8 a 1.22 a 63.2 a 5.1 b 44.6 a

Hutcheson 2.1 b 0.89 b 53.8 b 5.7 a 42.6 a

Forrest 2.9 a 0.94 b 59.7 b 5.2 b 46.5 a

a Soybean plants were grown at field capacity at -15 to -20 kPa according to Bellaloui et al., (2011). Soybeans were
grown under greenhouse conditions similar to those previously reported [10]. Values within columns and within in
each B treatment sharing a letter are not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 6. Effect of foliar boron on soybean seed sugars in genotypes of maturity group III (Pella and William 82) and
MG V (Hutcheson and Forest) under well watered conditions without boron (W-B) and with boron (W+B) under
greenhouse conditions a.

Variety Boron Glucose

(mg g-1)

Fructose

(mg g-1)

Sucrose

(mg g-1)

Raffinose

(mg g-1)

Stachyose

(mg g-1)

Pella WS-B 0.8 b 0.74 a 19.3 a 6.5 b 45.5 b

W 82 1.1 b 0.65 b 16.4 b 7.3 a 52.5 a

Hutcheson 1.5 a 0.42 c 21.3 a 7.4 a 47.3 b

Forrest 0.9 b 0.69 b 15.4 b 6.4 b 50.3 a

Pella 1.5 b 0.76 a 27.5 ab 7.1 a 41.6 b

W 82 WS+B 1.5 b 0.75 a 25.4 b 6.2 b 48.7 a

Hutcheson 1.9 a 0.64 b 31.2 a 7.4 a 50.3 a

Forrest 1.6 b 0.72 a 30.5 a 6.3 b 48.5 a

a Soybean plants were grown under water stress (WS) (-90 to -100 kPa soil water potential). Soybeans were grown under
greenhouse conditions similar to those previously reported [10]. Values within columns and within each B treatment
sharing a letter are not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 7. Effect of foliar boron on soybean seed sugars in genotypes of maturity group III (Pella and William 82) and
MG V (Hutcheson and Forest) under water stress conditions without boron (WS-B) and with boron (WS+B) under
greenhouse conditions a.
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Variety Boron Glucose

(mg g-1)

Fructose

(mg g-1)

Sucrose

(mg g-1)

Raffinose

(mg g-1)

Stachyose

(mg g-1)

Pella SWS-B 0.65 a 0.54 a 17.5 a 8.5 b 73.5 a

W 82 0.53 b 0.43 b 14.3 b 9.5 a 65.4 b

Hutcheson 0.51 b 0.47 b 15.3 ab 8.3 b 73.7 a

Forrest 0.48 c 0.52 a 11.6 c 9.5 a 65.7 b

Pella 0.59 a 0.53 a 19.5 a 8.5 b 62.1 b

W 82 SWS+B 0.48 c 0.47 b 13.2 b 9.5 a 73.6 a

Hutcheson 0.52 b 0.51 a 17.6 a 8.7 b 68.5 ab

Forrest 0.51 b 0.48 b 14.2 b 7.2 c 68.5 ab

a Soybean plants were grown under severe water stress (soil water potential between –150 to –200 kPa). Soybeans were
grown under greenhouse conditions similar to those previously reported [10]. Values within columns and within each B
treatment sharing a letter are not significantly different (P>0.05) using Fishers’ test. W 82=Williams 82.

Table 8. Effect of foliar boron on soybean seed sugars in genotypes of maturity group III (Pella and William 82) and
MG V (Hutcheson and Forest) under severe water stress conditions without boron (SWS-B) and with boron (SWS+B)
under greenhouse conditions a.

3.4. Effect of B and water stress on δ15N (15N/14N ratio) and δ13C (13C/12C ratio)

Foliar B did not result in changes in 15N/14N or 13C/12C ratios, but significant differences in these
ratios were observed between irrigated and non-irrigated soybean with or without foliar B
(Figure 3). The alteration of 15N/14N by increasing 15N (derived from soil nitrogen that is used
for nitrate assimilation) and decreasing 14N (derived from atmospheric nitrogen that is used
for nitrogen fixation) indicated that the source of nitrogen use changed, and plants favored N
from soil over atmospheric nitrogen, indicating that nitrogenase is more sensitive than nitrate
reductase under water stress. The mechanisms of this shift are not understood, but one possible
explanation is that the shift in 15N/14N may reflect a possible mechanism to compensate for the
inhibition of nitrogen fixation under water stress conditions. Previous research indicated that
δ15N values in the xylem and plant tissues were associated with acquired N, and changed with
N metabolism [59]. The increase in δ13C or higher 13C/12C ratio (less negative) in seed under
severe water stress conditions indicated that the source of carbon fixation used was shifted.
Previous research reported that that the δ13C value in plant tissues can be affected by water
supply [60], plant physiology [61], and mycorrhizal infection [62]. The level of δ13C was
dependent on the environmental factors and their association with plant gas exchange,
stomatal conductance, and CO2 fixation [63]. It was found that drought stress leads to stomatal
closure and 13C fixation increase, resulting in less discrimination against δ13C [64,65]. Previous
research indicated that the the shift in 13C/12C ratio was a result of a shift in carbon fixation
metabolism from ribulose bisphosphate (RuBP) carboxylase pathway to phosphoenolpyru‐
vate carboxylase (PEP). This shift resulted in δ13C enrichment [60]. It was found that in C3
species, to which soybean belongs, carbon isotope composition changes among and between
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from soil over atmospheric nitrogen, indicating that nitrogenase is more sensitive than nitrate
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supply [60], plant physiology [61], and mycorrhizal infection [62]. The level of δ13C was
dependent on the environmental factors and their association with plant gas exchange,
stomatal conductance, and CO2 fixation [63]. It was found that drought stress leads to stomatal
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vate carboxylase (PEP). This shift resulted in δ13C enrichment [60]. It was found that in C3
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genotypes correlated with water use efficiency, and the stable isotope 13C would be discrimi‐
nated against during photosynthesis, leading to a smaller 13C to 12C ratio [66]. The enrichment
of 13C may be due closure of stomatal conductance under severe water stress, leading to 13C
fixation increase and less 13C discrimination [67,68]. Our current results are in agreement with
previous reports that environmental stresses, including drought, can alter δ13C due to the
drought effects on the balance between stomatal conductance and carboxylation [67,68,69].
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Figure 1. Effects of foliar boron application (1.1 kg B ha-1) on boron concentration in leaves and seed in soybean genotypes in watered (A,B) and 
severe water stressed (C,D) soybean genotypes. Soybean plants were grown under severe water stress (soil water potential between –150 to –200 
kPa). Soybeans were grown under greenhouse conditions similar to those previously reported [10]. 
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similar to those previously reported [10].
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During carbon fixation by photosynthesis, the naturally occurring stable isotope 13C is
discriminated against, and plants would have a smaller 13C to 12C ratio than 13C to 12C ratio in
fixed CO2 of the air, suggesting a possible use of this technique to select for water use efficiency
(Farquhar et al., 1989). Our results demonstrated that δ 15N and δ13C values changed and
enrichment occurred under water stress conditions, suggesting that both nitrogen and carbon
metabolism pathways were affected during water stress, impacting seed production and seed
quality.
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Figure 2. Effects of foliar boron application (1.1 kg B ha-1) on nitrogen percentage in leaves and seed in soybean genotypes in watered (A,B) and 
severe water stressed (C,D) soybean genotypes. Soybean plants were grown under severe water stress (soil water potential between –150 to –200 
kPa). Soybeans were grown under greenhouse conditions similar to those previously reported [10]. 

Soybean seed sugars are important to soybean seed industry because they determine the quality of seeds beside protein and oil. 
This is because soybean seed with high raffinose and stachyose concentrations are undesirable and have negative effects on the 
nutritive value of soymeal and seed consumed by human. Stachyose and raffinose are indigestible by humans and animals, 
especially monogastric animal such as chicken and pigs, causing flatulence or diarrhea [56]. On the other hand, low raffinose and 
stachyose levels in soybean seed are desirable [57]. High level of seed sucrose, glucose, and fructose are desirable because it 
improves taste and flavor of tofu, soymilk, and natto [58]. Currently, soybean cultivars with improved sugar profiles have been 
released to the market [58], and breeding for desirable sugars in soybean or agricultural practices to improve seed sugars are 
needed. 

3.4. Effect of B and water stress on δ15N (15N/14N ratio) and δ13C (13C/12C ratio) 

Foliar B did not result in changes in 15N/14N or 13C/12C ratios, but significant differences in these ratios were observed between 
irrigated and non-irrigated soybean with or without foliar B (Figure 3). The alteration of 15N/14N by increasing 15N (derived from 
soil nitrogen that is used for nitrate assimilation) and decreasing 14N (derived from atmospheric nitrogen that is used for nitrogen 
fixation) indicated that the source of nitrogen use changed, and plants favored N from soil over atmospheric nitrogen, indicating 
that nitrogenase is more sensitive than nitrate reductase under water stress. The mechanisms of this shift are not understood, but 
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During carbon fixation by photosynthesis, the naturally occurring stable isotope 13C is
discriminated against, and plants would have a smaller 13C to 12C ratio than 13C to 12C ratio in
fixed CO2 of the air, suggesting a possible use of this technique to select for water use efficiency
(Farquhar et al., 1989). Our results demonstrated that δ 15N and δ13C values changed and
enrichment occurred under water stress conditions, suggesting that both nitrogen and carbon
metabolism pathways were affected during water stress, impacting seed production and seed
quality.
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Figure 3. Effects of foliar boron application (1.1 kg B ha-1) on seed δ15N (15N/14N Ratio) (A-C) and δ13C (13C/12C Ratio) (D-H) in soybean genotypes in 
watered plants with B (A) and without B (B); in water stressed plants with B (C) and without B (D); in soybean genotypes in watered plants with B 
(E) and without B (F); in water stressed plants with B (G) and without B (H); Soybean plants were grown under severe water stress conditions (soil 
water potential between –150 to –200 kPa). Soybeans were grown under greenhouse conditions similar to those previously reported [10]. 

4. Conclusions 

Foliar boron application resulted in nodule growth by increasing the number and mass of nodules under well watered or moderate 
water stress conditions. Also, foliar boron resulted in higher nitrogen fixation and nitrogen assimilation under well watered or 
moderate water stress conditions. Foliar B application under severe water stress did not enhance nodule number or mass, nitrogen 
fixation and nitrogen assimilation. This is because severe water stress altered nitrogen and carbon fixation as indicated by changes 
in the values of 15N and 13C natural isotopes. Nitrogen fixation is more sensitive than nitrogen assimilation under severe water 
stress conditions. Foliar B enhanced seed sugars under well watered conditions, but sever water stress resulted in redistribution of 
sugar fractions by increasing monosaccharides such as glucose and fructose, decreasing sucrose as a result, but increasing both 
raffinose and stachyose due to their possible roles in drought and the acquisition of desiccation tolerance during seed development 
and maturation. Increasing sugars by foliar B is desirable as high glucose, fructose, and sucrose contribute to soybean seed quality 
by improving the taste and flavor of soymeal based products such as tofu, soymilk, and natto. 
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and without B (H); Soybean plants were grown under severe water stress conditions (soil water potential between –
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4. Conclusions

Foliar boron application resulted in nodule growth by increasing the number and mass of
nodules under well watered or moderate water stress conditions. Also, foliar boron resulted
in higher nitrogen fixation and nitrogen assimilation under well watered or moderate water
stress conditions. Foliar B application under severe water stress did not enhance nodule
number or mass, nitrogen fixation and nitrogen assimilation. This is because severe water
stress altered nitrogen and carbon fixation as indicated by changes in the values of 15N and
13C natural isotopes. Nitrogen fixation is more sensitive than nitrogen assimilation under
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severe water stress conditions. Foliar B enhanced seed sugars under well watered conditions,
but sever water stress resulted in redistribution of sugar fractions by increasing monosacchar‐
ides such as glucose and fructose, decreasing sucrose as a result, but increasing both raffinose
and stachyose due to their possible roles in drought and the acquisition of desiccation tolerance
during seed development and maturation. Increasing sugars by foliar B is desirable as high
glucose, fructose, and sucrose contribute to soybean seed quality by improving the taste and
flavor of soymeal based products such as tofu, soymilk, and natto.

Although our research showed that B has beneficial effects on nodules and nitrogen fixation
and seed quality, further research is needed to test these findings under field and drought
conditions in multi-year and multi-location experiments so that recommendations can be
made.
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Chapter 11

Symbiotic of Nitrogen Fixation Between Acid
Aluminium Tolerant Bradyrhizobium japonicum and
Soybean

Nisa Rachmania Mubarik and Tedja-Imas Sunatmo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/57491

1. Introduction

Indonesia is a tropical country in Southeast Asia region, located between the Asia and Australia
continents. In most parts of Indonesia, climate variation and high of rainfall causes intensive
leaching, soil becomes low content of alkaline and the pH tend to acidic. Indonesia has acid
dry land area approximately 102.8 million hectares, but only 55.8 million hectares are suitable
for agricultural [1]. The arid lands in Indonesia which are generally formed from mineral soil
are acidic (pH 4.6 to 5.5) and poor of nutrients. One effort to increase the soil fertility and plant
productivity on acid dry land with planting legumes, such as soybean. Inoculation of root
nodule bacteria on soybean plant could enhance soybean quality and its productivity [2 & 3].
Some varieties of acid tolerant soybean, such as Tanggamus, Sibayak, Seulawah, Ratai, and
Nanti are issued by the Research Institute for Legumes plants and Tuber Crops Indonesia could
grow at acidic soil with pH 4.5-5.0 and produced soybean up to 2000 Kg/hectares on the right
growing conditions [4]. Soybeans generally grow in soil at pH 5.5-6.0 while the optimum pH
is 6.8. Below pH 4.7 soybean production will decline. It is related to the chemical properties of
acid soil, that is high levels of aluminium, high P fixation, iron and manganese concentration
increases to the toxic level, sensitive to erosion, and poor biotic status under a low pH
conditions [5]. Soybean production could be increase by symbiosis with root nodule bacteria.
The effectiveness of symbiotic bacteria in legume root nodules is strongly influenced by the
soil conditions. Keyser and Munns [5] suggested that aluminum (Al) with a high concentration
(50 µM) is one of the stress factors that can inhibit the growth and prolong the lag phase of
root nodulating bacteria. Richardson et al. [6] also stated that the Al concentration of 7.5 µM
at pH 4.8 can inhibit the expression of nod genes that play a role in nodulation. Furthermore,
Johnson and Wood [7] stated that the Al3+ cation can bind to PO4

3- of DNA thereby inhibiting
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DNA replication and transcription. Therefore, strains of acid and high Al-tolerant root
nodulating bacteria which have symbiotic effectiveness with soybean are needed to explore.

2. Acid aluminium tolerant Bradyrhizobium japonicum

Some strains of root nodulating bacteria tolerant to acid soil conditions have been reported [8].
The bacteria has ability to fix atmospheric nitrogen (N2) and and convert into ammonium
(NH3) [9]. Bradyrhizobium japonicum is one of root nodule bacteria that can contribute on
soybean growth by providing fixed nitrogen in nodules of soybean plants [2]. Bradyrhizobi‐
um is included to the family Rhizobiaceae. This family consists of four genera, namely
Agrobacterium, Bradyrhizobium, Phyllobacterium, and Rhizobium. The characteristics of Bradyrhi‐
zobium are rod-shaped, nonspore-forming cells, motile with one polar or subpolar flagelum,
aerobic, Gram-negative, cell-sized of 0.5-0.9 µm and 1.2-3.0 µm, the optimum growth temper‐
ature is 25-30°C at pH 6-7 [10]. Bradyrhizobium is known as slow growing bacteria with a
generation time ranged 7-20 hours. The bacterial growth on yeast mannitol agar (YMA) needs
5-7 days incubation on room temperature.

Bradyrhizobium japonicum has sticky consistency and slimy (mucoid) when grown on media
containing carbohydrates. The mucus is an extracellular polysaccharide that serves to maintain
bacterial survival in environmental conditions with the concentration of acid and aluminum
(Al) is high. Strains of B. japonicum have more slimy colony and generally more tolerant on
acid-Al stress conditions compared to the dry type colony [8 & 11]. There are not all bacteria
categorized as tolerant of acid (pH 4.0-4.5) are also a high Al tolerant. Some strains of B.
japonicum were tolerant on an acid condition, even at the pH level 4.0-4.5. Twenty five strains
of B. japonicum has been selected for acid tolerance (pH 4.5) consist of Al 50 µM, Mn 200 µM,
Ca 50 µM, and low P 5 µM [12]. One of the B. japonicum (BJ) isolate namely BJ 11 wt (wild-type)
has the highest tolerance on acid and had a good ability to grow on pH 4.5 media (Figure 1).

Figure 1. The growth of Bradyrhizobium japonicum BJ11 (wt) on pH 4.5 yeast-extract mannitol agar containing
0.0025% congo red at 10 days incubation in room temperature
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Root nodulating bacteria can be distinguished from other bacteria by growing it on media
yeast extract mannitol agar (YMA) consist of 10 g/L mannitol, 0.5 g/L K2HPO4, 0.2 g/L
MgSO4.7H2O, 0.2 g/L NaCl, and 0.5 g/L yeast extract and containing 0.0025% congo red. Root
nodulating bacteria can not absorb congo red or less, and the colony is colorless or pale white
[2]. Bradyrhizobia growing on agar media are classified into three types based on the appear‐
ance of colonies, such as: small dry (SD), large mucoid (LM), large watery (LW), and dimor‐
phism [13]. Colony of SD type is round, convex, translucent, and diameter of <1 mm. The LM
type is circular, convex, slimy, relatively translucent, and diameter> 1 mm. The LW type is
irregular shapes, flat, watery, translucent, and diameter> 1 mm. Dimorphism type strain is
called to strain with a mixture of SD and LM type. Colony type can be used to predict tolerant
or sensitive strain to acid-Al condition. A small dry colony type strain is more sensitive to acid-
Al compare to large one and wet type colony [8]. BJ 11 is the slow-growing colony, circular
shape, convex elevation, slimy, translucent, and diameter of colony > 1 mm, it is categorized
large mucoid. Other root nodulating bacteria has fast growing and acid producing is classified
as genus Rhizobium, whereas the slow-growing and alkaline producing reaction belong to the
genus Bradyrhizobium. The growth reaction on YMA medium which is acidic or alkaline is
determined by adding 0.0025% bromothymol blue. Colony of root nodulating bacteria that
produce acid reaction is yellow [15].

3. Symbiotic effectiveness

Effective strains of Bradyrhizobium japonicum produce an effective root nodules on their host.
Usually one strain of root nodulating bacteria is used as an inoculum for one variety of soybean
plant. Selection should be done from large number of tested strains by using a suitable host-
plant on soil and climatic conditions of the host habitat [2].

Symbiotic effectiveness is the relative ability of an association between legume and root
nodulating bacteria. Effective nodule consist of leghemoglobin, that is an iron-containing red
protein binding with O2 that controls the partial pressure of O2 (pO2) in the nodule [15]. When
pO2 was below or above normal condition (0.21 atm), it could decrease the activity of N2

fixation. Leghemoglobin is induced by the interaction between Bradyrhizobium with soybean.

Effective nodule tends to be large size, reddish, and able to fix nitrogen gas from air. In addition,
the effective root nodules have a limited number and distribution, usually found on the main
root and secondary first root [14]. Ineffective nodules tend to be small, numerous, greenish
white (pale), unable to fix nitrogen from air and spread the root system [14].

Symbiotic effectiveness of acid-tolerant soybean with acid-Al tolerant B. japonicum could be
done by using Leonard bottle modified that consists of two volumes of 700 ml bottles of
ketchup. One bottle is cut at the base and used for growth media that contains sand and
charcoal. Other bottle cut at the neck and is used as a reservoir for the nutrient solution
[16]. The lower bottle is filled with 300 ml of N-free nutrient solution of pH 4.5 [17] and
100 ml of N-free nutrient solution poured into growing medium in the mixture form of
sand and coconut shell charcoal about 480 gram. Before used, sand is sieved and washed
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with clean water  several  times until  clean and dry.  Each bottle  is  covered with cement
paper  and sterilized  by  autoclaving  at  121°C and 1  atmosphere  for  2  hours.  Two days
sprouts  of  soybean in  Leonard jar.  Each sprout  was inoculated with 108  cells  ml-1  of  B.
japonicum.  N-free nutrient solution and nutrient solution contained 5 mM KNO3 used as
control treatments, respectively. Symbiotic effectiveness value (SE) is measured based on
percentage of dry weight of plants inoculated with tested strain toward dry weight of plants
treated with KNO3  or  reference strain.  Bradyrhizobium japonicum  USDA 110 is  used as  a
reference strain and completely genomic sequenced [18].

The effectiveness of symbiosis can be observed in several ways viz. the determination of plant
dry weight, total N content, and nitrogenase activity [2]. Dry weight of the plant is still
considered relevant for evaluating the effectiveness of symbiotic root nodulating bacteria with
soybean plants, because plant dry weight significantly correlated with total N content [14].
Plant dry weight is usually correlated with the dry weight of root nodules. Upper plant dry
weight is used as a parameter to evaluate the binding of N, because as much as 70% of the
fixing N is transported to the upper plant [14].

The symbiotic interaction between soybean and root nodulating bacteria played an important
role in increasing the plant growth of soybean plant. Effectiveness of a root nodulating bacteria
in fixing nitrogen is affected by the compatibility between bacteria and the soybean plant.
Mubarik et al. [19] described that inoculation of BJ 11 (wt) root nodulating bacteria could
increase the height of soybean plant and shoot dry weight until 37 days after planting (DAP)
(Figure 2). The nodule dry weight was positively correlated with the ability of plants to fix N
and shoot dry weight. The value of symbiotic effectiveness, shoot dry weight, and N uptake
of BJ 11 was higher than USDA 110 as reference strain (Table 1).

Figure 2. Soybean plant (37 days after planting) grow on a Leonard bottle using N-free nutrient solution pH 4.5 + Al
50 µM: (1) without inoculation BJ 11 and (2) inoculated with BJ 11 [16]
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Treatment

Number of

nodule

(nodule

plant -1)

Dry-weight of

nodule

(g plant -1)

Height of

plant (cm)

Nitro-

genase

activity

(µmol C2 H4

plant -1

hour -1 )

Dry-weight of

shoot

(g plant -1 )

N uptake

(mg N

plant -1 )

SEN(%) SER (%)

BJ 11 (wt) 17 0.0397 71.4 12.54 0.8447 16.88 155.37 144.55

USDA 110 12 0.0241 63.0 12.21 0.6164 13.63 114.92 100.00

Control N 0 0 46.0 0 0.5509 13.58 100.00 96.26

Control NO 0 0 37.3 0 0.4561 6.91 83.88 77.55

0 =no detection, N:without BJ inoculation consist of 5 mM KNO3, N0: without BJ inoculation and without 5mM KNO3, Symbiotic
Effectiveness (SE) against N/R.

Table 1. Effect of inoculation of B. japonicum on soybean cultivar Slamet at 37 DAP using N-free solution at pH 4,5 +
Al 50 µM (Mubarik et al. 2012)

Bradyrhizobium japonicum is able to form nodules and fix nitrogen. Nodule formation on the
roots of leguminous plants generally through the following stages: (i) the introduction of a
suitable partner on the part of the plant and bacterial attachment to root hairs, (ii) the hair root
invasion by bacteria through thread-forming infection threads, (iii) the bacteria moves to the
main root through infection threads, (iv) the formation of bacteria in plant cells called bacte‐
roids, and (v) plant and bacterial cell division that is constantly and will produce the mature
root nodules [15]. Stages of nodulation (nodule formation) is controlled by the nod genes.

The source of energy for nitrogen fixation in bacteroids depends on host photosynthate which
is transported through the membrane simbiosome in the form intermediate product of the
tricarboxylic acid cycle (Krebs cycle) such as succinic acid, fumaric and malic acid which is a
electron donor to produce ATP and reduce N2. Pyruvic acid is the reductant that involved
directly as an electron donor in the nitrogenase system [15]. The N2 binding reaction that occurs
in bacteroids as follows:

N2+ 8e + 8H++ 16 MgATP →
nitrogenase

2NH3+ H2+ 16 MgADP + 16 Pi

Complex of nitrogenase reduces the triple bond of N2 into ammonia molecules. Nitrogenase
enzyme activity can be measured by the acetylene reduction technique. Acetylene (C2H2) can
be used as an alternative substrat to N2. Reduction of N2 and acetylene by nitrogenase as
follows:

N2+ 12 ATP + 6e-+ 6H+ →2 NH3+ 12 ADP + 12 Pi

C2H2+ 4 ATP + 2e-+ 2H+ →C2H4+ 4ADP + 4Pi

The comparison between the substrate N2 reduction by C2H2 is 3:1, and according to calculation
[20] the total amount of N fixed by plants (µg) = µmol C2H4 x 28.
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While the C2H2 reduction can provide a useful tool for detecting N2-fixing activity in both
legumes and non-legumes plants, the method is unsuitable for measuring N2 fixation at field
scales. There are some suitability of methods for quantifying N2 fixation for crop legumes, such
as measurement of N difference, relative ureide method, 15N natural abundance, and 15N
isotope dilution [21]. But none of the methods for assessing N2 fixation is perfect. Some
additional informations are needed to support the N2 fixation data, such as assessment of
nodulation, growth analysis, rooting patterns of N2 fixing and companion non N2-fixing plants,
determination of mineral N soil, and soil analysis [21].

4. Greenhouse experiments of symbiotic between acid aluminium tolerant
B. japonicum and soybean on acid soils

Situmorang et al. [22] prepared media for soybean cultivication by using mixed composition
of 1200 g acid soil (pH 4.5) and 800 g peat in a polybag. Peat is used as an additional organic
matter to the soil. Acid soils and peat are prepared by drying and filtering using 2 mm pore
of diameter. The media is sterilized by autoclave at 121˚C and 2 atm for one hour. The media
is inoculated with 20% (v/w) of 108 cells/ml bacterial culture. Positive control media is added
with 5 mM KNO3. Plant harvest are divided into two groups, at the 50 DAP to crop nodules
and 75-108 DAP to crop pods of legume. Three isolates are used viz. BJ 11 (wt), and its mutant
BJ 11(5) and BJ 11(19). Wahyudi et al. [23] has been constructed several strains of acid-
aluminium tolerant B. japonicum with increased symbiotic effectiveness through transposon
TN5 mutagenesis, such as BJ 11(5), BJ 11(19), BJ 11 (20), and KDR 15 (37). The mutants could
grow better on acid pH (4.0-4.5) and when each mutant inoculated to soybean plants will
influenced better of symbiotic effectiveness, plant height, shoot and root weight, number of
flowers, pods, dry weight of 100 seeds, and plant N-content [22].

Inoculation of BJ 11(19) isolate increased number of seeds and pods higher than the other
treatments [22]. Acid tolerant soybean such as Slamet generally has weight 12.5 g of 100 seeds
[24]. BJ 11 (19) showed the highest 13.5 g of 100 seeds. Pods that were already formed then
were filled with photosynthate to form seeds. Numbers of seeds are effected by the number
and size of pods. Higher number of pods also produce higher numbers of seeds [25].

Further experiments are done in acid soil plots (pH 4.5). Totally 12 plot experiments, each plot
measured 1 m x 2 m x 0.2 m filled with 45 kg of acid soils (pH 4.5) and 10% (w / w) peat or rice
husk as innoculant carrier. Each plot planting with soybean sprouts each with a spacing of 20
x 40 cm2. Amount of inoculant (about 1.0 x 108 cells/ml) in peat-carrier is applied to each plot.
Every hole on plot planted with 5 seedling soybeans and to be reduced to 3 plants at 30 days
after planting. Each plot is separated by a distance of 1 m from other plot. Results of plot
experiment showed that the effectiveness of symbiotic BJ 11 (19) with soybean is significantly
had higher value on the plant height, dry weight of upper crop, root nodules, nodule number,
nitrogenase activity, and weight of 100 seeds. Treatment of compost before planted soybean
in acid soils could produce better crops and increase producing of soybean seeds compare to

Advances in Biology and Ecology of Nitrogen Fixation264



While the C2H2 reduction can provide a useful tool for detecting N2-fixing activity in both
legumes and non-legumes plants, the method is unsuitable for measuring N2 fixation at field
scales. There are some suitability of methods for quantifying N2 fixation for crop legumes, such
as measurement of N difference, relative ureide method, 15N natural abundance, and 15N
isotope dilution [21]. But none of the methods for assessing N2 fixation is perfect. Some
additional informations are needed to support the N2 fixation data, such as assessment of
nodulation, growth analysis, rooting patterns of N2 fixing and companion non N2-fixing plants,
determination of mineral N soil, and soil analysis [21].

4. Greenhouse experiments of symbiotic between acid aluminium tolerant
B. japonicum and soybean on acid soils

Situmorang et al. [22] prepared media for soybean cultivication by using mixed composition
of 1200 g acid soil (pH 4.5) and 800 g peat in a polybag. Peat is used as an additional organic
matter to the soil. Acid soils and peat are prepared by drying and filtering using 2 mm pore
of diameter. The media is sterilized by autoclave at 121˚C and 2 atm for one hour. The media
is inoculated with 20% (v/w) of 108 cells/ml bacterial culture. Positive control media is added
with 5 mM KNO3. Plant harvest are divided into two groups, at the 50 DAP to crop nodules
and 75-108 DAP to crop pods of legume. Three isolates are used viz. BJ 11 (wt), and its mutant
BJ 11(5) and BJ 11(19). Wahyudi et al. [23] has been constructed several strains of acid-
aluminium tolerant B. japonicum with increased symbiotic effectiveness through transposon
TN5 mutagenesis, such as BJ 11(5), BJ 11(19), BJ 11 (20), and KDR 15 (37). The mutants could
grow better on acid pH (4.0-4.5) and when each mutant inoculated to soybean plants will
influenced better of symbiotic effectiveness, plant height, shoot and root weight, number of
flowers, pods, dry weight of 100 seeds, and plant N-content [22].

Inoculation of BJ 11(19) isolate increased number of seeds and pods higher than the other
treatments [22]. Acid tolerant soybean such as Slamet generally has weight 12.5 g of 100 seeds
[24]. BJ 11 (19) showed the highest 13.5 g of 100 seeds. Pods that were already formed then
were filled with photosynthate to form seeds. Numbers of seeds are effected by the number
and size of pods. Higher number of pods also produce higher numbers of seeds [25].

Further experiments are done in acid soil plots (pH 4.5). Totally 12 plot experiments, each plot
measured 1 m x 2 m x 0.2 m filled with 45 kg of acid soils (pH 4.5) and 10% (w / w) peat or rice
husk as innoculant carrier. Each plot planting with soybean sprouts each with a spacing of 20
x 40 cm2. Amount of inoculant (about 1.0 x 108 cells/ml) in peat-carrier is applied to each plot.
Every hole on plot planted with 5 seedling soybeans and to be reduced to 3 plants at 30 days
after planting. Each plot is separated by a distance of 1 m from other plot. Results of plot
experiment showed that the effectiveness of symbiotic BJ 11 (19) with soybean is significantly
had higher value on the plant height, dry weight of upper crop, root nodules, nodule number,
nitrogenase activity, and weight of 100 seeds. Treatment of compost before planted soybean
in acid soils could produce better crops and increase producing of soybean seeds compare to

Advances in Biology and Ecology of Nitrogen Fixation264

without compost (Figure 3). The compost consists of plant residues and soil microbes that can
improve acid soil structure becomes more fertile and porous.

5. Viability test of acid-aluminium B. japonicum inoculant using peat as
carrier

Viability of B. japonicum shoud be tested before used as an inoculant on fields experiments.
Handayani et al. [26] conducted to test the viability of strains of acid-aluminium tolerant after
a period of storages (1, 2, and 3 months) both at room temperature (± 25 °C) and 10 °C. The
inoculant of B. japonicum BJ 11 (wt), and its mutants viz. BJ 11 (5) and BJ 11 (19), were tested
by using sterilized peat as carrier (Figure 4). Peat is an decaying-organic material containing
humic acid and organic-C and N which suitable for microbial growth. The result of viability
test showed that there were an interaction between strain types, temperature, and a period of
storage. The Inoculant of BJ 11 (19) which was stored at temperature 10 °C for 2 months showed
the highest viability at 2,5 x 108 cell/g inoculants (Table 2).

Figure 3. Growth of acid tolerant soybean variety Slamet 38 DAP on plot experiments: (1) control without inoculation,
(2) control without inoculation + compost, (3) inoculation with BJ 11 (wt), (4) inoculation with BJ 11 (wt) + compost,
(5) inoculation with BJ 11 (19), (6) inoculation with BJ 11 (wt) + compost.
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Strain Temperature
Storage periode (months)

1 2 3

BJ 11 (5)
Room 9.8 x 107 cdef 2.8 x 107 f 1.3 x 108 abcdef

10 ºC 1.4 x 108 abcdef 1.2 x 108 abcdef 7.6 x 107 def

BJ 11 (19)
Room 2.4 x 108 ab 2.0 x 108 abc 1.1 x 108 bcdef

10 ºC 1.8 x 108 abcd 2.5 x 108 a 1.8 x 108 abcd

BJ11 (wt)
Room 1.6 x 108 abcde 1.1 x 108 bcdef 4.2 x 107 ef

10 ºC 1.3 x 108 abcdef 1.1 x 108 bcdef 1.9 x 108 abcd

Numbers on the same column followed by the same letter were not significantly different based on Duncan Multiple
Range Test (α = 0.05)

Table 2. Viability of three acid aluminium tolerant B. japonicum strains (cell. g-1) stored at room temperature (± 25 °C)
and 10 °C at 3 months storage [26]

Figure 4. The formula of inoculant acid-aluminium tolerant B. japonicum containing 109 cells g-1 using peat as carrier.
Each pack contains 0.5 kg of inoculant for 10 kg of soybean seeds

6. Field trial of application of acid-aluminium tolerant B. japonicum on
soybean

There are three locations for field trials to apply of the formula acid-aluminium tolerant B.
japonicum on soybean viz. Jasinga (West Java), Sukadana (Province Lampung), and Tambang
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Ulang (Province South Kalimantan). Planting sites prepared a total area 1 hectare. Before
planting on the field, the chemical contents of the soil and total plate count of soil bacteria are
analyzed (Table 3 & 4). There are not found indigenous B. japonicum on all of field trial locations
before symbiotic effectiveness treatments.

Parameter
Soil contents

Jasinga Sukadana Tambang Ulang

C (%) 1.18 0.73 2.54

N (%) 0.16 0.11 0.20

P (%) 0.0342 0.0142 0.0749

Mg (%) 0.02 0.01 0.02

K (%) 0 0 0.01

Ca (%) 0.23 0.14 0.67

C/N (%) 7.38 6.64 12.7

Al-dd 2.56 0.88 0.15

Capacity of cation

exchange
7.55 2.45 7.14

pH : aquadest 4.61 5.56 6.18

pH :KCl 4.72 4.76 4.81

Table 3. Chemical properties of soil at the field trial locations

Field location Numbers of cell (cfu/ml) Numbers of B. japonicum (cfu/ml)

Jasinga-West Java 4.0 x 105 0

Sukadana -Lampung 5.9 x 105 0

Tambang Ulang -South Kalimantan 7.4 x 105 0

Table 4. Total plate count of bacteria and total of indigenous B. japonicum isolated from soil on planting sites

The field trial was conducted to examine the efficiency of BJ 11 (wt) and BJ 11 (19) on the growth,
nodulation and yield of soybean variety Tanggamus and Anjasmoro. Tanggamus is one of
leading variety which can adapt to dry acid soil, Anjasmoro generally showed good adaptation
on paddy fields.

The seeds were coated with the inoculum formula before sowing. Seeds were sown by hand
in each hole and planted 3 seeds per hole at a depth of 3 cm, distance of hole 20 cm x 40 cm.
Fertilizer was placed at other hole besides of seeds hole. Watering was carried regularly if no
rain. Removal of weeds or grasses are done as far as possible.

Soybean seed are sown by hand in a hole at soil. There were three seeds per polybag. Soybean
seeds were selected based on the same size and healthy (able to shoot). Some treatments were
conducted to soybean seed as follows: 1. inoculated by B. japonicum galur BJ 11, 2. inoculated
by BJ 11 and application with 100 % N fertilizer; 3. inoculated by B. japonicum galur BJ 11 and

Symbiotic of Nitrogen Fixation Between Acid Aluminium Tolerant Bradyrhizobium japonicum and Soybean
http://dx.doi.org/10.5772/57491

267



application with 50 % N fertilizer + 50% compost; 4. Control treatment: without inoculant,
without inoculant + 100% N fertilizer, without inoculant + 50 % N fertilizer + 50% compost.

Each treatments were done at 150-200 m2 and replicated two times per treatment. Mineral
fertilization 100% N treatment consisted of 100 Kg ha-1 urea + 200 Kg ha-1 TSP (trisodium
phosphate) + 100 Kg ha-1 KCl. For 50% N consisted of a half dose of urea + 200 Kg ha-1 TSP +
100 Kg ha-1 KCl + compost 1000 Kg ha-1. Compost was spread out at land surface one week
before seeds planting. The compost only consisted of decaying plants and decomposed by
microbes. There are not found rhizobia in compost, and consist of phosphate solubilizing
bacteria as much as 320 cell.ml-1. Urea used twice at one planting period viz a half dose at seeds
planting and the rest at 30 days after planting (DAP) [27].

Growth parameters such as plant height at 30 days after planting (DAP), number of pods at
90 DAP, total number of seeds, total of seed weight, and weight of 100 seeds numbers of pods
compare to control were determined. Growth parameters were measured from 10 plants per
treatments. Data were analyzed using completely randomized design and the means at p<0.05
level of significance.

The results of field experiments showed that there were a significant effect of B. japonicum
inoculation for soybean variety Tanggamus and Anjasmoro which grown at Jasinga –West
Java, Tanah Laut-South Kalimantan and Sukadana-Lampung compared to control, without
inoculants and fertilizer (Table 5, 6 & 7). Inoculation BJ 11 formula showed a better response
on soybean growth than control, treatment without fertilizer and inoculant. Plants inoculated
with BJ 11 (wt) and its mutant BJ 11 (19) showed higher plant height, number of pods, and
seeds, weight of 100 seeds compare to control. To improve field-scale of soybean production
in acid soils still need N- fertilizer, but the application of inoculant B. japonicum can reduce a
half of N fertilizer.

Anjasmoro

Treatment

Plant

height at

45 DAP

(cm)

Number

of branch

Number

of

flower

Plant

height

at 90

DAP

(cm)

Number

of

branch

at 90

DAP

Number

of pods

Number

of seed

Total of

seed

weight

(g)

Weight of

100 seeds

(g)

BJ 11 (19) + 1 N 30.6 d 1 c 28.2 cd 34.2 c 1.5 c 10.8 c 17.5 d 2.83 cd 13.42 b

BJ 11 (19) + 1/2 N + C 35.8 b 0.7 cd 31.2 bc 41 b 2.6 a 16.2 b 29.4 bc 4.33 bc 12.97 b

BJ 11 (19) 31.9 cd 0.3 de 19.9 e 37.5 bc 1.4 c 10 c 18.3 d 2.27 de 12.60 b

BJ 11 (WT) + 1 N 40.1 a 1.7 b 35.4 b 46.5 a 2.3 ab 19.7 b 35 b 4.55 b 13.21 b

BJ 11 (WT) + 1/2 N + C 42 a 2.3 a 45.2 a 51.9 a 2.5 a 31.3 a 51.1 a 6.29 a 12.55 b

BJ 11 (WT) 33.6 bc 0.4 de 21.8 de 34.c1 0.1 d 5.5 c 7.1 e 1.02 e 15.06 a

1 N 41.3 a 1.6 b 36.4 b 38.1 bc 1.6 bc 16.6 b 25,5 bcd 3.43 bcd 12.75 b

1/2 N + C 42.2 a 2.1 ab 29.9 bc 38.1 bc 1.7 bc 17.1 b 29.8 bc 4.23 bc 13.17 b

Control 26.4 e O e 20.5 e 34.7 c 1.8 bc 10.9 c 21.8 cd 2.95 cd 13.26 b
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Anjasmoro

Treatment

Plant

height at

45 DAP

(cm)

Number

of branch

Number

of

flower

Plant

height

at 90

DAP

(cm)

Number

of

branch

at 90

DAP

Number

of pods

Number

of seed

Total of

seed

weight

(g)

Weight of

100 seeds

(g)

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N = 50 Kg.Ha-1 urea + 200 Kg.

Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer (NPK) and inoculants. Numbers on the same column

followed by the same letter were not significantly different based on Duncan Multiple Range Test (α = 0.05).

Tanggamus

Treatment

Plant

height at

45 DAP

(cm)

Number

of branch

Number

of

flower

Plant

height at

90 DAP

(cm)

Number

of

branch

at 90

DAP

Number

of pods

Number of

seed

Total of

seed

weight (g)

Weight of

100 seeds

(g)

BJ 11 (19) + 1 N 30.6 d 1 c 28.1 cd 32.6 cd 1.6 cd 14.5 bc 23.9 cd 2.37 cd 7.95 b

BJ 11 (19) + 1/2 N + C 35.8 b 0.7 cd 31.2 bc 33.2 cd 1 d 12.1 cd 17.8 d 1.38 de 7.11 b

BJ 11 (19) 31.9 cd 0.3 de 19.8 e 36.1 bc 1.6 cd 21.8 a 29.2 bc 2.68 bcd 8.32 b

BJ 11 (WT) + 1 N 40.1 a 1.7 b 35.4 b 43 a 2.1 bc 23.5 a 34.9 abc 3.72 ab 10.74 a

BJ 11 (WT) + 1/2 N + C 42.1 a 2.4 a 45.1 a 42 ab 2.8 ab 24. 8 a 38.6 ab 3.42 abc 9 ab

BJ 11 (WT) 33.6 bc 0.4 de 21.8 de 41.7 ab 3.1 a 25.9 a 42.6 a 4.02 a 8.95 ab

1 N 41.3 a 1.6 b 36.3 b 31.7 cd 1.3 cd 19.5 ab 25.1 cd 2.32 cd 8.66 ab

1/2 N + C 42.2 a 2.1 ab 29.9 bc 29.4 cd 0.9 d 10.6 cd 15.3 de 1.39 de 9.42 ab

Control 26.4 e O e 20.5 e 27.4 d 0.1 e 5.5 d 5 e 0.42 e 8.44 ab

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N = 50 Kg.Ha-1 urea + 200 Kg.
Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer (NPK) and inoculants. Numbers on the same column
followed by the same letter were not significantly different based on Duncan Multiple Range Test (α = 0.05).

Table 5. Growth of Anjasmoro and Tanggamus cultivar soybean plants on treatment with acid-aluminium tolerant B.
japonicum formula on acid soil at Jasinga- West Java

Anjasmoro

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 90

DAP

(cm)

Numbe

r of leaf

at 90

DAP

Number

of

branch

at 30

DAP

Number

of

branch

at 90

DAP

Number

of pod at

90 DAP

Number

of seed

Total of

seed

weight

(g)

Weight of 100 seeds

(g)

BJ 11 (19) + 1 N
38.3

de
66.8 a 33.1 a 3 ab 3.3 ab 54.8 a 109.2 a 17.3 ab 14.7 abc

BJ 11 (19) + 1/2 N

+ C

38.3

de
61.5 b 28 bc 2.7 abc 3.1 ab 60.2 a 71.5 c 10.4 cd 13.5 bc

BJ 11 (19) 41.6 bc 52.8 c 26.4 cd 2.2 c 3 ab 41.2 b 123.1 a 18.7 a 13.4 bc

BJ 11 (WT) + 1 N 53 a 68.9 a 22.6 de 2.5 abc 2.3 d 34.7 bc 81 bc 14.1 bc 15 abc
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Anjasmoro

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 90

DAP

(cm)

Numbe

r of leaf

at 90

DAP

Number

of

branch

at 30

DAP

Number

of

branch

at 90

DAP

Number

of pod at

90 DAP

Number

of seed

Total of

seed

weight

(g)

Weight of 100 seeds

(g)

BJ 11 (WT) + 1/2

N + C
44. 3 b 71.2 a 29 abc 2 c 3 ab 58.2 a 75.9 c 12.3 cd 15.3 ab

BJ 11 (WT) 40.9 cd 69.9 a 32 ab 3.3 a 3.6 a 67.7 a 101.1 ab 17.5 ab 13.3 c

1 N 53.4 a 50.8 cd 21.6 ef 3 ab 2.9 bc 27.9 cd 46.3 d 6 e 16.1 a

1/2 N + C 35.8 e 47.6 d 21.2 ef 2.3 bc 3.1 ab 27.2 cd 63.1 cd 9.2 de 13.3 c

Control 41 cd 45.8 d 17.3 f 3.2 a 2.4 cd 15.6 d 40.6 d 5 e 14.6 abc

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N =

50 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer

(NPK) and inoculants. Numbers on the same column followed by the same letter were not

significantly different based on Duncan Multiple Range Test (α = 0.05).

Tanggamus

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 90

DAP

(cm)

Number

of leaf

at 90

DAP

Number

of branch

at 30

DAP

Number

of branch

at 90

DAP

Number

of pod at

90 DAP

Number

of seed

Total of

seed

weight

(g)

Weight of 100 seeds (g)

BJ 11 (19) + 1 N 28.6 d 62.5 a 32.9 a 1.2 ab 3 ab 37.9 abc 49.3 bcd 4.3 bc 11.0 ab

BJ 11 (19) + 1/2 N

+ C
30.4 cd

59.4

ab
24.8 b 1.5 a 2.7 bc 33.6 bcd 56.2 bc 4.9 bc 10.4 b

BJ 11 (19) 51.1 c 50.5 c 18.5 c 1.5 a 2.2 c 21.8 e 47.1 cd 4.8 bc 10.3 b

BJ 11 (WT) + 1 N
33.8

ab
57.3 b 31.8 a 1.7 a 3.2 ab 41.1 ab 74.9 a 6.9 a 11.4 ab

BJ 11 (WT) + 1/2

N + C
35 a 59 ab 32.6 a 1.7 a 2.7 bc 45.1 a 64.9 ab 6.8 a 10.9 ab

BJ 11 (WT)
33.9

ab
55.4 b 25 b 0.6 bc 2.6 bc 31.6 cd 64.4 ab 5.8 ab 12.1 a

1 N 34.9 a 45.8 c 23.3 bc 1.9 a 2.5 bc 21.7 e 36.7 d 3.5 c 10.3 b

1/2 N + C 32.4 bc 45.7 c 21.1 bc 1.7 a 2.7 bc 19.8 e 38.8 d 4.1 c 11.4 ab

Control 28.8 d 48.9 c 22.7 bc 0.5 c 3.5 a 26.3 de 50.3 bcd 4.4 bc 10.6 b

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N =

50 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer

(NPK) and inoculants. Numbers on the same column followed by the same letter were not

significantly different based on Duncan Multiple Range Test (α = 0.05).

Table 6. Growth of Anjasmoro and Tanggamus cultivar soybean plants on treatment with acid-aluminium tolerant B.
japonicum formula on acid soil at Tambang Ulang-South Kalimantan
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Anjasmoro

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 90

DAP

(cm)

Numbe

r of leaf

at 90

DAP

Number

of

branch

at 30

DAP

Number

of

branch

at 90

DAP

Number

of pod at

90 DAP

Number

of seed

Total of

seed

weight

(g)

Weight of 100 seeds

(g)

BJ 11 (WT) + 1/2

N + C
44. 3 b 71.2 a 29 abc 2 c 3 ab 58.2 a 75.9 c 12.3 cd 15.3 ab

BJ 11 (WT) 40.9 cd 69.9 a 32 ab 3.3 a 3.6 a 67.7 a 101.1 ab 17.5 ab 13.3 c

1 N 53.4 a 50.8 cd 21.6 ef 3 ab 2.9 bc 27.9 cd 46.3 d 6 e 16.1 a

1/2 N + C 35.8 e 47.6 d 21.2 ef 2.3 bc 3.1 ab 27.2 cd 63.1 cd 9.2 de 13.3 c

Control 41 cd 45.8 d 17.3 f 3.2 a 2.4 cd 15.6 d 40.6 d 5 e 14.6 abc

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N =

50 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer

(NPK) and inoculants. Numbers on the same column followed by the same letter were not

significantly different based on Duncan Multiple Range Test (α = 0.05).

Tanggamus

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 90

DAP

(cm)

Number

of leaf

at 90

DAP

Number

of branch

at 30

DAP

Number

of branch

at 90

DAP

Number

of pod at

90 DAP

Number

of seed

Total of

seed

weight

(g)

Weight of 100 seeds (g)

BJ 11 (19) + 1 N 28.6 d 62.5 a 32.9 a 1.2 ab 3 ab 37.9 abc 49.3 bcd 4.3 bc 11.0 ab

BJ 11 (19) + 1/2 N

+ C
30.4 cd

59.4

ab
24.8 b 1.5 a 2.7 bc 33.6 bcd 56.2 bc 4.9 bc 10.4 b

BJ 11 (19) 51.1 c 50.5 c 18.5 c 1.5 a 2.2 c 21.8 e 47.1 cd 4.8 bc 10.3 b

BJ 11 (WT) + 1 N
33.8

ab
57.3 b 31.8 a 1.7 a 3.2 ab 41.1 ab 74.9 a 6.9 a 11.4 ab

BJ 11 (WT) + 1/2

N + C
35 a 59 ab 32.6 a 1.7 a 2.7 bc 45.1 a 64.9 ab 6.8 a 10.9 ab

BJ 11 (WT)
33.9

ab
55.4 b 25 b 0.6 bc 2.6 bc 31.6 cd 64.4 ab 5.8 ab 12.1 a

1 N 34.9 a 45.8 c 23.3 bc 1.9 a 2.5 bc 21.7 e 36.7 d 3.5 c 10.3 b

1/2 N + C 32.4 bc 45.7 c 21.1 bc 1.7 a 2.7 bc 19.8 e 38.8 d 4.1 c 11.4 ab

Control 28.8 d 48.9 c 22.7 bc 0.5 c 3.5 a 26.3 de 50.3 bcd 4.4 bc 10.6 b

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N =

50 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer

(NPK) and inoculants. Numbers on the same column followed by the same letter were not

significantly different based on Duncan Multiple Range Test (α = 0.05).

Table 6. Growth of Anjasmoro and Tanggamus cultivar soybean plants on treatment with acid-aluminium tolerant B.
japonicum formula on acid soil at Tambang Ulang-South Kalimantan
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Anjasmoro

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 45

DAP

(cm)

Number

of

branch at

30 DAP

Number of

branch at

90 DAP

Number

of pod at

90 DAP

Number of

seed

Total of

seed

weight (g)

Weight

of 100

seed (g)

BJ 11 (19) + 1 N 40.9 b 61.5 ab 1.5 ab 2.4 a 54.9 a 60.6 ab 7.6 bc 12.1 ab

BJ 11 (19) + 1/2 N + C 46.7 a 66.2 a 1.9 a 2.9 a 60.2 a 64.6 ab 10.3 a 13.6 ab

BJ 11 (19) 22.4 d 67.8 a 0 c 0 b 41.2 b 13.4 e 1 e 10.5 ab

BJ 11 (WT) + 1 N 46.7 a 50.2 bc 1.4 ab 2.4 a 34.8 bc 73.9 a 9.5 ab 16.1 a

BJ 11 (WT) + 1/2 N + C 40.6 b 44.4 c 1 b 2.4 a 58.2 a 66.2 ab 7.2 bc 11.2 ab

BJ 11 (WT) 25.3 d 64.7 a 0.2 c 0.2 b 67.7 a 35.2 d 3.1 de 8.8 b

1 N 43.2 ab 68.4 a 1.5 ab 3.0 a 27.9 cd 53.8 bc 7 c 11.7 ab

1/2 N + C 40.9 b 64.3 a 1.6 ab 2.1 a 27.2 cd 57.4 bc 6.4 c 10.1 ab

Control 33.6 c 55.3 abc 1 b 0.9 b 15.6 d 42.9 cd 4.1 d 9.6 b

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N = 50 Kg.Ha-1 urea + 200 Kg.

Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer (NPK) and inoculants. Numbers on the same column

followed by the same letter were not significantly different based on Duncan Multiple Range Test (α = 0.05).

Tanggamus

Treatment

Plant

height

at 30

DAP

(cm)

Plant

height

at 45

DAP

(cm)

Number

of

branch at

30 DAP

Number of

branch at

90 DAP

Number

of pod at

90 DAP

Number of

seed

Total of

seed

weight (g)

Weight

of 100

seed (g)

BJ 11 (19) + 1 N 32.4 bc 61 a 3.5 ab 4.3 ab 62.3 a 131.6 a 10.7 b 7.4 a

BJ 11 (19) + 1/2 N + C 35.4 b 60.3 a 3.7 ab 4.5 a 61.4 a 127 a 10.2 b 7.3 a

BJ 11 (19) 25.1 d 34.5 f 0.5 d 1.2 c 18.4 b 33.1 c 2.2 c 6.8 a

BJ 11 (WT) + 1 N 31.1 c 51 bcd 3.1 b 4.7 a 51.6 a 128.5 a 9.7 b 7.8 a

BJ 11 (WT) + 1/2 N + C 36.1 a 57 ab 3.9 ab 4.3 ab 58.3 a 130.1 a 10.1 b 7.4 a

BJ 11 (WT) 26.3 d 42.1 e 1.2 cd 1.8 c 21.3 b 43.3 bc 3 c 7.1 a

1 N 33 abc 53.6 bc 4.4 a 4.8 a 69.1 a 145.3 a 16.1 7.3 a

1/2 N + C 32.3 bc 59.4 a 3.1 b 4.3 ab 60.4 a 129 a 10.6 b 7.9 a

Control 29.7 c 47.2 d 1.6 c 3.1 b 35.2 b 73.1 b 5.5 bc 7.8 a

BJ 11 = BJ 11 inoculant formula; N = 100 Kg.Ha-1 urea + 200 Kg. Ha-1 TSP and 100 Kg.Ha-1 KCl); ½ N = 50 Kg.Ha-1 urea + 200 Kg.

Ha-1 TSP and 100 Kg.Ha-1 KCl; C = compost. Control = without fertilizer (NPK) and inoculants. Numbers on the same column

followed by the same letter were not significantly different based on Duncan Multiple Range Test (α = 0.05).

Table 7. Growth of Anjasmoro and Tanggamus variety soybean plants on treatment with acid-aluminium tolerant B.
japonicum formula on acid soil at Sukadana- Lampung
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7. Conclusion

Effectiveness symbiotic between soybean and acid-toleran aluminium root nodule bacteria,
such as Bradyrhizobium japonicum BJ 11 played an important role on increasing the plant growth
on acid soil (pH> 4.5). The bacteria provided fixed nitrogen to soybean plant and then support
growth and development of plants. Soybean plants inoculated with B. japonicum strain BJ 11
(wild-type) and its mutant BJ 11 (19) showed better growth than control without inoculation
in greenhouse and field trial experiments. B. japonicum inoculant on peat as carrier showed
high viability and stability during storages.
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